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Abstract 
Invasive species are the second leading threat to biodiversity in the U.S. and are considered the 
greatest threat to North American deciduous forest.  Plant species richness is changing in many 
woodland communities as invasive species alter survival, fecundity, and regeneration of native 
species. Several hypotheses seek to explain the success of invasive species in their new range. 
The Novel Weapons hypothesis suggests invasive plants secrete allelopathic chemicals that are 
relatively ineffective against co-evolved neighbors in their native range, but deleteriously alter 
the fitness of neighboring plants in the novel range. For at least two decades, Alliaria petiolata 
(Bieb.) Cavara and Grande), a European biennial herb, has been a serious invader of natural 
areas and woodland communities of North America. Spatiotemporal changes within the 
herbaceous groundlayer and a microbial community assessment were analyzed in Collins 
Woods, a fragmented Illinois woodland.  Across an eight-year interval, plant species richness 
increased despite A. petiolata becoming a dominant species within the community. Results of the 
microbial analyses were variable depending on invasion and spatial considerations. Native seed 
germination experiments indicate species-specific tolerance to changing soil characteristics may 
influence plant community structure. The total above-ground plant biomass differed significantly 
between plots with and without A. petiolata, but the above-ground biomass of native plant 
species was not affected by the presence of A. petiolata. The results of this study are partially 
consistent with a combination of direct and indirect allelopathic impacts of A. petiolata but other 
mechanisms may explain changes of native plant community in this small woodland. 
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Chapter 1 
An Overview of Plant Invasion Biology 
 
Invasive Threats/Impacts  
 
Invasive species are the second leading threat to biodiversity in the United States, imperiling 
49% of threatened and endangered species (Wilcove et al. 1998), and are considered to be the 
greatest threat to North American deciduous forest (Vitousek 1996). It is possible species 
composition of woodlands is changing due to a decrease in species richness as invasive species 
alter competitive interactions (Woods 1997) and/or reduce the survival, fecundity, and 
regeneration of native species (Gurevitch 2004, D’Antonio and Kark 2002).  
 
The consequences of invasive species are widespread.  In U.S. agriculture, non-native plant 
species cause a reduction of 12% in potential crop yields, or about 34 billion dollars annually 
(Pimentel et al. 2000).  Non-native species also impact recreation and tourism by decreasing the 
use of waterways or recreation sites by humans (Eiswerth et al. 2005). They also can lead to a 
complete loss or alteration of goods, such as forest products and fisheries, and seriously impact 
ecosystem services, such as clean water (Daily et al. 1997), that provide for human health 
(Mooney 2005). Understanding the impacts of invasive species on ecosystem services has only 
recently become an explicit focus of studies in invasion ecology (Richardson and Wilgen 2005). 
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Invasive Stages, Vectors, and Mechanisms 
 
The invasion process entails four biologically discrete stages before a non-native species is 
considered to become an invasive species: transport, establishment, spread, and impact 
(Lockwood et al. 2007).  Individuals of species are transported from their native range into a 
novel range. If these individuals survive to establish reproducing populations, the population 
may expand and spread, thereby increasing within its novel range. Once the population becomes 
widespread, and perhaps acts as a source for the establishment of new populations elsewhere, 
ecological or economic harm may result. A non-native species is considered to be invasive when 
ecological or economic impacts result from its presence (Mooney 2005).  
 
Invasive species are transported to novel areas by vectors along pathways. Pathways are the 
routes between the source region of the species and the location of its release (Mack 2000). 
Pathways can be anything from interstate highway systems to oceanic ship routes. Vectors, 
human-mediated or natural, are the manner in which the species are carried along a pathway 
(Lockwood et al 2007). Prior to widespread human travel, range expansions of species occurred 
largely by natural vectors, predominately wind and water. Human-mediated movement can be 
intentional for purposes of food, aesthetics, biocontrol or conservation (Lockwood et al 2007), or 
unintentional as an indirect result of moving other goods from one place to another.  
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Invasive Theory Mechanisms 
 
Several hypotheses have been used to explain the success of invasive species in their novel 
ranges (summarized in Hierro et al. 2005). The Enemy Release Hypothesis suggests invasive 
species have a competitive advantage over native species that suffer from native enemy attack 
because the invasive species are liberated from herbivores and pathogen specialists found in their 
native range (Levine and D’Antonio 1999, Elton 1958). Other hypotheses suggest that resource 
availability, disturbances or evolutionary variables may be important. The Empty Niche 
Hypothesis suggests that invasive species can use or have access to resources in the novel range 
that native species do not utilize (MacArthur 1970), while the Disturbance Hypothesis states 
invasive species are better adapted to specific disturbance regimes (type and intensity) than 
natives (Baker 1974). According to the Evolution of Increased Competitive Advantage 
Hypothesis, non-native species undergo rapid genetic changes due to new selection pressures in 
the novel environment (Blossey and Notzold 1995, Stockwell et al. 2003). Species ability, in 
terms of its morphology and reproductive success, also may be a way these species invade. The 
Propagule Pressure Hypothesis proposes the probability of an invasion is increased by species 
producing large numbers of reproductive propagules in the new environment or by a large 
number of individuals arriving in an environment (Mack et al. 2000). The Phenotypic Plasticity 
hypothesis states that organisms express different physical characteristics depending on the 
environment (Bossdorf et al. 2005). Invasive species may also be able to chemically alter their 
surroundings, giving themselves some sort of competitive advantage.  The Novel Weapons 
Hypothesis proposes invasive plant species secrete allelopathic chemicals that affect fitness of 
! (!
neighboring plants in invaded sites, but which are relatively ineffective against co-evolved 
neighbors in the species native range (Callaway and Aschehoug 2000). 
 
Regional Threats 
 
Throughout Midwestern ecosystems, there are several major invasive species including common 
buckthorn (Rhamnus cathartica L.), bush honeysuckles (Lonicera spp.), and garlic mustard 
(Alliaria petiolata (Bieb.) Cavara and Grande). The dense understory structure created by bush 
honeysuckles decreases native plant richness, abundance, and fitness (Gould and Gorchov 2000, 
Gorchov and Trisel 2003, Miller and Gorchov 2004). Common buckthorn has moderate shade 
tolerance and broad moisture requirements allowing it to survive in woodland communities 
(Kurylo et al. 2007) and form monotypic stands that possibly exclude native species (Boudreau 
and Willson 1992, Mascaro and Schnitzer 2007). Garlic mustard is able to establish in forest 
edges and within mature forest (Cavers et al. 1979, Nuzzo 1991, Byers and Quinn 1998, Carlson 
and Gorchov 2004) affecting the fitness of understory plants and reducing native seed 
germination (McCarthy 1997, Prati 2004) 
 
Alliaria petiolata (Bieb.) Cavara and Grande 
 
For at least two decades, Alliaria petiolata, a European biennial herb, has been a serious invader 
of natural areas and woodland communities of North America (Nuzzo 1991, Nuzzo 1994a). Its 
seeds germinate in early spring and remain as an evergreen basal rosette during the first year. 
Densities of up to 5,080 seedlings m
-2
 have been recorded (Cavers et al. 1979, Nuzzo 1993a, 
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Anderson et al. 1996). During the second year, rosettes bolt between mid-April and mid-May 
and may occur in densities as high as 303 plants m
-2
 in Illinois (Anderson et al. 1996). The 
flowers begin anthesis in early spring, set seed in June, and senesce by mid- to late July (Cavers 
et al 1979, Anderson et al. 1996). Seeds germinate after a period of at least 14 weeks of cold 
stratification at temperatures from 1° to 10° C (Baskin and Baskin 1992). In the first spring 
following production, 70% of seeds germinate, but seeds may remain viable for up to 10 years 
(Baskin and Baskin 1992, Rogers et al. 2008).   
 
Alliaria petiolata was first recorded in 1868 on Long Island, New York and by 1990, it was 
present in three Canadian provinces and 27 Midwestern and Northeastern states in the United 
States (Nuzzo 1991). By 2000, garlic mustard occurred in 34 U.S. states and four Canadian 
provinces (Nuzzo 2000).  This work will focus on the invasion of A. petiolata within the Illinois 
landscape. 
 
Alliaria petiolata and the Novel Weapons Hypothesis 
 
Allelopathy is a mechanism by which invasive plant species may eliminate natives (Nuzzo 
2000). While resource competition may serve as an adequate mechanism for understanding the 
success of some invasive species, it is inadequate for the situations where some non-native plant 
species are able to form monospecific stands and create zones of inhibited plant growth, unlike 
native species (Abdul-Wahab and Rice 1967, Vaughn and Berhow 1999). Allelopathy offers an 
explanation. Allelopathic plants with the ability to invade plant communities are widespread and 
include Eltrygia repens, Centaurea species, Bromus tectorum, and many more, including A. 
! *!
petiolata (see Hierro and Callaway 2003). Allelopathic chemicals are secondary metabolites that 
are leached, exuded, or volatilized into the environment from the plant (Rice 1984). They may 
act as novel weapons to suppress mycorrhizal fungi (Callaway and Ridenour 2004, Frank 2007, 
Callaway et al. 2008, Wolf et al. 2008, Barto and Cipollini 2009), inhibit germination (Vaughn 
and Berhow 1999, Roberts and Anderson 2001, Prati and Bossdorf 2004, Barto et al. 2010, 
Pisula and Meiners 2010) and decrease survival of native plants (Callaway and Aschehoug 2000, 
Callaway et al. 2008). The Novel Weapons Hypothesis suggests the allelopathic properties of A. 
petiolata will impact the herbaceous ground layer and microbial communities of the study site, a 
small woodland fragment. 
 
Alliaria petiolata in Illinois  
 
Non-native species have a major impact on Illinois plant communities where they comprise 
approximately 31% of the Illinois flora (Taft et al. 1997). The forests of Illinois are highly 
fragmented. Approximately 31.4% of the original forest remains with most of central Illinois 
forest being in parcels less than 0.4 hectares (Iverson 1994). In these small forest fragments, non-
directional species turnover may be higher because the populations of the species are smaller and 
more vulnerable to extirpation (Cook 2005).   The first recorded observation of garlic mustard in 
Illinois was near Ravinia, Lake County (Nuzzo 1993a). Between 1950-1959, A. petiolata was 
collected in western Illinois for the first time and by 1980 the first record was added from 
southern Illinois. By 1991, garlic mustard was found to be present in approximately 31% of 
Illinois state parks and 30% of the dedicated nature preserves (Nuzzo 1993b) and spreading at an 
estimated rate of 6,400 km
2
 yr
-1
 (Nuzzo 1993a). 
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Robert Allerton Park, a natural area in east central Illinois owned by the University of Illinois, is 
in Piatt County where A. petiolata was first found in the late 1940’s.  It now occurs in nearly all 
areas of the park (Brunault 2003). Historically, common understory herbaceous plant species at 
Allerton Park included Impatiens pallida Nutt., and Dicentra cucullaria L. Bernh., but both are 
now rare while other species such as A. petiolata are thriving (Brunault 2003). A. petiolata 
rosettes and species density had a significant positive relationship, suggesting that garlic mustard 
at Allerton Park may not decrease species richness, species diversity, or plant density (Dykstra et 
al. 2007). Another study, however, found a negative association between the presence of spring 
ephemerals and A. petiolata (Brunault 2003).   
 
Collins Woods, another University of Illinois owned natural area in east central Illinois, is in 
Champaign County where A. petiolata was first found in the 1960’s.  According to the site’s 
naturalist, a population of approximately 30 plants of A. petiolata was first observed in 1997 on 
the south end of the woodlot (Frank and Endress, unpublished observation). A similarly sized 
population was again found at the site in 1998. In both years, all observed plants were pulled. A 
second, smaller A. petiolata population was observed in 1999. In 2002, Collins Woods was 
systematically sampled to characterize the ground layer community. The occurrence of A. 
petiolata in a sampled 1-m
2
 quadrat had no impact on the mean number of species present, 
although this may have been due to the low influence of the A. petiolata plants (Frank and 
Endress, unpublished observation). 
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Opportunities at Local Sites 
!
Study Site 
!
Research was conducted at Collins Woods, a previously grazed 5.36 ha woodlot of second 
growth hardwoods owned and managed by the University of Illinois. Dominant tree genera in the 
western portion include Quercus, Carya, Fraxinus, and Ulmus. The eastern portion is a younger 
and denser mix of Maclura pomifera Schneid., Gleditsia triacanthos L., Prunus serotina Ehrh., 
Quercus sp., and Carya sp. A filled oxbow of the Salt Fork River cuts through the northwest 
corner of the woods (Frank and Endress, unpublished observation). Collins Woods is bordered 
on the north and south by cultivated row crops, on the east by a roadway, and on the west by a 
housing development. A private residence built in 2005 lies on the south side of the easternmost 
portion of the site. 
 
Alliaria petiolata Impacts on Native Flora 
 
Although there are many studies on the effects of invasive species removal on the plant 
community (McCarthy 1997, Carlson and Gorchov 2004), most studies are conducted in places 
where strong impacts are already apparent (D’Antonio and Kark 2002). Studies documenting and 
better analyzing the role of invasive species in pushing native species towards extinction or 
extirpation in sites with pre-invasion data or as close to pre-invasion as possible are needed 
(Gurevitch 2004). Also, the limited temporal duration of most studies does not allow a full 
understanding of the function or impact of invasive species in plant communities (Parker et al. 
1999).  Inferences about long-term impacts and population persistence based on short-term 
! -!
experiments could possibly be incorrect and unable to accurately predict the influence of these 
invasive species on plant communities (Meiners 2001).  Very few studies have focused on 
whether increased levels of invasion have negative relationships with native community species 
composition and richness (Levine et al. 2003). The historical Collins Woods herbaceous survey 
data give researchers an opportunity to analyze the change that eight years of exposure to garlic 
mustard had on the understory community.   
 
-If the introduction of Alliaria petiolata (Bieb.) Cavara and Grande into Illinois forest fragments 
affects the herbaceous understory, then the comparison of current and historic data from 
Collins Woods will show increased Alliaria petiolata invasion, lower species richness and an 
overall change in understory composition. 
 
Effect of Allelopathy on Native Plants: Germination and Biomass 
 
At least 80% of the world's plant species form mycorrhizal associations (McGee 1986). 
Arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal (EM) fungi are soil mutualists with 
resident plant roots acting as an extension of the root system. Mycorrhizal associations lead to 
protection of the plant from soil pathogens (Borowicz 2001) enhanced tolerance to drought 
(Augé et al. 2001) and increased nutrient acquisition for plants (Harrison 2005). Of increasing 
interest to invasion ecology is the effect of invasive plants species on soil mycorrhizae and how 
invasive plants can affect mycorrhizal diversity and the growth of native plants (Burke 2008).  
Applications of A. petiolata leachate reduced the total number of root tips with ectomycorrhizal 
formations and overall percent of root infection germination of ectomycorrhizae on Quercus alba 
! %.!
L. (Frank 2007). A. petiolata inhibited the growth of EM fungi and led to changes in EM fungal 
communities in invaded soils, with strongest inhibition within 10-cm of garlic mustard patches 
(Wolfe et al. 2008).  Other studies documented a negative effect of A. petiolata on mutualisms 
between mycorrhizal fungi and tree roots (Burke 2008). In Ohio, garlic mustard negatively 
affected the growth and survival of Quercus prinus L., but had no effect on other native species 
(Meekins and McCarthy 1999).  Understanding if and how the mycorrhizal association 
influences plant invasion may be a key aspect of the ecology and management of invasive plant 
species, as well as the conservation biology of native habitats (Pringle et al. 2009). Further study 
of volatiles released by A. petiolata and their effect on mycorrhizal associations is needed 
(Vaughn and Berhow 1999). Glucosinolates leached from the roots of A. petiolata, degrade, and 
may inhibit germination of the seeds of native plants that have an association with mycorrhizae 
(Roberts and Anderson 2001).  Radicle elongation assays revealed A. petiolata extract effects on 
Triticum aestivum L. and Lepidium satvivum, a member of the Brassicaceae family (Vaughn and 
Berhow 1999), and may show that even non-mycorrhizal species can be affected by leachates of 
A. petiolata. Exudates were shown to inhibit the germination in the North American species 
Geum laciniatum Murr (Prati and Bossdorf 2004) and inhibited germination of Impatiens pallida 
was seen when seeds were exposed to levels of extract expected in the field (Barto et al. 2010).  
This suggests the strongest allelopathic effects occur during seed and spore germination (Barto et 
al. 2010).  
 
-If allelopathic chemicals leached from Alliaria petiolata (Bieb.) Cavara and Grande inhibit the 
germination of native understory plant species, then (1) legacy soil (previously associated 
with A. petiolata plants) will reduce the percent seed germination, (2) exogenous application 
! %%!
of allelopathic compounds will either further decrease germination or have no effect, or (3) 
soils amended with anti-allelochemical materials should have higher levels of germination. 
 
-If allelopathic chemicals leached from Alliaria petiolata (Bieb.) Cavara and Grande inhibit 
mycorrhizal associations and thus the growth of native plants, then a significant difference in 
native biomass will be seen in plots with A. petiolata compared to plots without. 
 
Soil Feedbacks 
 
Collins Woods also provides an opportunity to understand the effects of A. petiolata on 
microbial communities.  Using current and historical A. petiolata spatial data, trends in microbial 
communities can be analyzed to better understand the impacts of A. petiolata and may reveal 
information about a microbial legacy effect from this species. There is strong evidence that 
plant–soil community feedback plays a major role in plant species coexistence (Bever et al. 
2010). Soil microbial communities have been shown to rapidly change in response to plant 
identity (Mills and Bever 1998, Bever 2002, Mitchell et al. 2010). In turn, microbial community 
compositions can have strong direct effects on the outcome of plant–plant interactions (van der 
Heijden 2006, Vogelsang et al. 2006). Change in microbial composition generates a feedback on 
relative plant performance.  Invasive species can and do impact soil microbial communities. 
Monotypic stands formed by invasive species sometimes have symbiotic relationships novel to 
the invaded areas. These novel mutualisms could increase the competitiveness and niche-space 
of invasive species (Richardson et al. 2000), a form of the Empty Niche Hypothesis (Michell et 
al. 2006). The Degraded Mutualist Hypothesis, a subset of the Novel Weapons Hypothesis, 
! %&!
proposes that some invasive plant species will inhibit native symbiotic communities, indirectly 
reducing native plant fitness (Stinson et al. 2006, Wolfe et al. 2008, Vogelsang et al. 2009) and 
may occur where invasive plants co-invade with invasive mutualists (Pringle et al. 2009).  Where 
novel, efficient combinations of non-native plants and native mutualists develop, positive 
feedback could occur through enhanced mutualisms (Reinhart and Callaway 2006).  
 
Microbial population dynamics can play a major role in plant species coexistence Soil organisms 
and their feedback effects on plants can strongly influence the relative abundance of plant 
species within a community. Reestablishment of the native soil community could be a limiting 
factor in restoration of native plant diversity and composition (Bever et al. 2010), and inoculation 
with native soil microbes has been shown to increase the rate of establishment of native plants 
(Kardol et al. 2007, Thrall et al. 2005). Understanding the mechanisms responsible for the 
abundance of microbial communities may lead to new approaches for the management of 
ecosystems, such as protection of ecosystems from invasion species (Bever 2002). 
 
-If allelopathic chemicals leached by Alliaria petiolata (Bieb.) Cavara and Grande affect soil 
microbial communities, then a reduction or shift in soil microbial communities will be 
observed in plots with A. petiolata and a legacy effect may be seen in plots with a longer 
history of invasion. 
 
Analyzing A. petiolata’s novel allelopathic characteristics and the response of native plants most 
commonly encountered by the invader will lead to a better understanding of this invasive 
species. Seed germination experiments and analysis of microbial communities were used to test 
! %'!
for effects of A. petiolata on plant germination and microbial communities that would be 
consistent with the Novel Weapons Hypothesis/ while biomass and flora surveys were used to 
indirectly substantiate allelopathic effects of this invader in this fragmented Illinois woodland.   
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Chapter 2 
Increasing Invasion and Change in the Understory Community Across 
Eight Years in a Fragmented Illinois Woodland 
 
ABSTRACT 
 
For at least two decades, Alliaria petiolata (Bieb.) Cavara and Grande, a European biennial herb, 
has been a serious invader of natural areas and woodland communities of North America where 
it has been blamed for decreases in native species richness and community complexity. Although 
there are many studies on the effects of invasive species removal on the plant community, most 
studies are conducted in places where strong impacts are already apparent. Studies analyzing the 
role of invasive species in pushing native species towards extinction or extirpation and 
documentation of invasion history are needed. This study was conducted between May and June 
in 2002, 2007, and 2010 at Collins Woods, a previously grazed 5.36 ha woodlot of second 
growth hardwoods owned and managed by the University of Illinois.  Herbaceous ground level 
plant species were surveyed in square meter plots for cover and species richness. Alliaria 
petiolata increased in importance (IV200) from 1.65 to 24.40 across the eight-year period. 
Excluding the 2002 sample set, plots with A. petiolata showed a higher average richness than 
those without (2010, p<0.05, 2007, p<0.05). Community composition changed significantly 
between longest sampling interval years (p <0.01 for the 2002-2010) and also between other 
sampling years, although at lower R values (p <0.01 for 2007-2010, p <0.01 for 2002-2007). A 
better understanding of the impacts of Alliaria petiolata may be developed through analyzing 
! &,!
soil interactions, native species recruitment, or comparisons of biomass between native and non-
native herbaceous species. 
 
Introduction 
 
Following habitat loss, invasive species are the second leading threat to biodiversity in the 
United States, imperiling 49% of threatened and endangered species (Wilcove et al. 1998). 
Invasive species also offer the greatest threat to North American deciduous forest (Vitousek 
1996) where species composition of woodlands may change due to reduced species richness 
resulting from lower survival, fecundity, and regeneration of native species (Gurevitch 2004, 
D’Antonio and Kark 2002) or from altered competitive interactions (Woods 1997). The 
European biennial herb Alliaria petiolata ([Bieb.] Cavara and Grande) is a serious invader of 
natural areas and woodland communities of Illinois and elsewhere in North America (Cavers et 
al. 1979, Nuzzo 1991 1993 1994, Anderson et al. 1996). 
 
Previous manipulation experiments involving field plots from which A. petiolata was either 
herbicided or removed failed to show a significant impact on species richness when compared 
with control plots, although evenness increased in some studies (McCarthy 1997, Carlson and 
Gorchov 2004, Hochstedler et al. 2007).  Similarly, removal of A. petiolata showed no alteration 
in the abundances of studied functional groups after two growing seasons (Stinson 2007).  The 
consequences of invasive species removal on the plant community, especially in places where 
strong impacts are already apparent, have received great research attention (McCarthy 1997, 
D’Antonio and Kark 2002, Carlson and Gorchov 2004, Hochstedler et al. 2007). Few studies 
! &-!
occurred in sites with pre-invasion or close to pre-invasion data in order to better document the 
role of invasive species in pushing native species towards extinction or extirpation (Gurevitch 
2004). The limited temporal duration of most studies does not allow a full understanding of the 
function of invasive species in plant communities (Parker et al. 1999) and long-term 
management observations are needed to see how invasive species removal affects plant 
composition (McCarthy 1997).  Inferences on long-term impacts and population persistence 
based on short-term experiments could possibly be incorrect and unable to accurately predict the 
influence of these invasive species on plant communities (Meiners et al. 2001).  
 
By using pre-Alliaria petiolata invasion baseline data from a small Illinois woodland fragment 
and comparing it to current herbaceous composition, problems associated with short term or 
heavy impact removal studies can be eliminated. Results of increased levels of A. petiolata plant 
cover on native species cover and richness across time can be analyzed. If the introduction of 
Alliaria petiolata into Illinois forest fragments affects the herbaceous understory, then the 
comparison of current and historic data from Collins Woods will show increased Alliaria 
petiolata invasion, lower species richness and an overall change in understory composition. 
 
Methods 
 
Collins Woods (Figure 2.1) is a previously grazed 5.36 ha woodland of second growth 
hardwoods owned and managed by the University of Illinois. Dominant tree genera in the 
western portion include Quercus, Carya, Fraxinus, and Ulmus. The eastern portion has a 
younger and denser mix of Maclura pomifera Schneid., Gleditsia triacanthos L., Prunus serotina 
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Ehrh., Quercus spp., and Carya spp. A filled oxbow of the Salt Fork River cuts through the 
northwest corner of the woods (Frank and Endress, unpublished observation). Collins Woods is 
bordered on the north and south by cultivated row crops, on the east by a roadway, and on the 
west by a housing development. A private residence constructed in 2005 lies on the south side of 
the easternmost portion of the site 
  
Research was conducted in early summer (May to June) during 2002 (Frank and Endress, 
unpublished observations), 2007 (Kwit, Helge, and Endress, unpublished observations) and 2010 
following the same methodological procedures as to follow the flora communities across time. 
For management purposes, the Collins Woods site has permanent steel T-posts placed 
throughout at 50-m intervals along cardinal directions. The 50-m intervals were further sub-
divided at 10-meter intervals to generate a 10-m by 10-m grid across the site. A 1-m
2
 quadrat 
was placed at each of the resulting grid intersections where plant species presence was recorded 
and plant cover was estimated to characterize the ground layer community (herbaceous species 
plus woody seedlings <2.0 cm dbh). Ten plant cover classes, modified from Daubenmire (1959), 
were utilized: (1) 0-5%, (2) 6-10%, (3) 11-15%, (4) 16-25%, (5) 26-35%, (6) 36-50%, (7) 51-
65%, (8) 66-80%, (9) 81-95%, (10) 96-100%. Plant cover means were obtained by assigning the 
midpoint of the cover class to each observation.  Individuals were identified to the species level 
according to Mohlenbrock (1986, 2003) when possible, except for two large groups, grasses and 
sedges (recorded as graminoids), and the genera Viola and Lonicera. Unidentifiable species were 
either tagged in situ or collected for later identification. Importance Values (IV200) were 
determined as the sum of relative frequency and relative cover. Statistical analyses used R 
software version GUI 1.40-devel (Urbanek and Iacus 2011) and Primer6 for multidimensional 
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scaling (Clarke and Gorley 2006). Multidimensional scaling (MDS) is a visualization tool to 
view sets of data. The points are arranged in three-dimensional space so that the distances 
between points indicate similarities among objects. Two points close together represent similar 
objects, and two points that are far apart represent two dissimilar objects.  Species with IV200 ! 
1.0 and present in both 2002 and 2010 were selected for multiple dimensional scaling (MDS), 
resulting in a capture of at least 75% of the total IV200 for each year.  This method prevented 
rare species from being unduly influential in the model. Cover data were standardized and square 
root transformed before Bray Curtis similarity indexing was applied. Similarity measures were 
compared with years as a design factor using the Primer6 ANOSIM (analysis of similarity) 
procedure, which compares observed distributions with iteratively randomized permutations.  
 
Results 
 
Tukey’s Honest Significance Difference (HSD) test indicated a significant difference in total 
species richness between years at Collins Woods (p<0.05).  Between sample years, both species 
richness in invaded plots and species richness in plots without A. petiolata increased between 
2002 and 2007 and between 2002 and 2010 (Table 2.1).  The importance (IV200) of Alliaria 
petiolata increased from 1.65 in 2002 to 16.48 in 2007 and then to 24.40 by 2010  (Table 2.2). 
Also, three of the four non-native species used in the Multidimensional Scaling (MDS) analysis 
increased its community importance across time, with Rosa multiflora being the only non-native 
species to decrease in importance (Table 2.2). The IV200 for Parthenocissus quinquefolia, a 
native herbaceous species, had the most significant decline, from 40.8 to 12.8.  
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Significant differences were observed in herbaceous community data between 2002, 2007, and 
2010 (Figure 2.2, p<0.001 for groups 2010-2007, 2010-2002, and 2002-2007 with R 0.03, 0.258, 
and 0.196 respectively) with increasing time difference between sampling periods with the 2002 
and 2010 sampling interval having the largest R-value. Analysis of the 2002, 2007, and 2010 
data after removal of the A. petiolata cover values continued to show a significant difference in 
community structure between plots, although the corresponding R-values were not as strong 
(Figure 2.3, p<0.001 for groups 2010-2007, 2010-2002, and 2002-2007 with R 0.025, 0.165, and 
0.138 respectively).  
 
Discussion 
!
The community of Collins Woods has shifted since the initial sampling in 2002 and A. petiolata 
has subsequently become a significant species. By removing A. petiolata from the data and 
performing multidimensional scaling on the combined 2002, 2007, and 2010 plant community 
data, significant community differences were still observed, indicating that community 
differences were not simply due to a larger A. petiolata population.  Unfortunately, this 
information can only indicate there are differences seen in the plant community, and cannot 
describe to what extent A. petiolata caused the shift or if there were other ecological pressures.  
 
The 2002 sample is the only data set where average species richness in plots without A. petiolata 
is larger than the plots with A. petiolata. This may be due to the effects of A. petiolata having a 
stronger impact in its initial infestation compared to an impacted site that has adapted to its 
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presence (Lankau 2010). While the IV200 increased for most of the non-native species at Collins 
Woods, it did not for Rosa multiflora.  
 
The dissimilar IV200 for A. petiolata between 2007 and 2010, while still having close to the 
same percentage, 60% and 64%, of occupied plots could be an artifact of the biennial lifecycle of 
A. petiolata. !01!23&..!"1!4!567861"9:!6;!56#:<!4=>!;<:?@:=5A/!9B:!>";;:<:=5:!"=!56#:<!6#:<!
9"7:/!<49B:<!9B4=!4!>";;:<:=5:!"=!;<:?@:=5A!54@1:>!9B:!>";;:<:=5:!"=!23 If A. petiolata plants 
observed in 2002 resulted from a single founding population, then 2007 would be a rosette year 
and 2010 an adult year with more overall relative coverage due to the larger cover associated 
with the bolting stage of adult A. petiolata plants.  
 
Forest understory communities are dynamic systems and temporal changes are expected, but 
invasion by A. petiolata and other non-natives may be shifting the community to an alternative 
dynamic state. Past use of the site, prior to the 2002 sampling period, may have already changed 
the community type to select for grazing increasers such as Sanicula gregaria, Cryptotaenia 
canadensis and Ribes missouriense, but selection pressure may now come from introduced 
species. The potential of plant invasions have differential impact on specific species  (Stinson 
2006) may explain single species observations. Depending on the robustness and requirements of 
a species, there may be differential impacts by A. petiolata and this is an area where research is 
needed. Concurrently, some of these changes between years may be due to other pressures such 
as white-tailed deer browse, and may explain some drastic changes seen with the species 
Parthenocissus quinquefolia; deer browse has been associated with decreasing levels of 
herbaceous plants diversity, increasing dominance of specific species  (Rooney and Waller 2003) 
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and increasing invasibility of non-native plants such as A. petiolata (Knight et al. 2009).  It is 
important to reiterate the past history of this site and other study sites as invasion by A. petiolata 
may also have larger impacts on undisturbed versus disturbed forest (Stinson 2006) and thus 
produce results seen here. Impacts on Collins Woods, a previously grazed site, by invasive 
species may be less than other more pristine areas. This could account for why species richness 
did not decrease, even with the increasing abundance of A. petiolata. In the short term, many 
invasions have resulted in increased species richness at local levels (Sax and Gaines 2003) before 
impacts on native species occur. Conversely, the increase seen in total species richness may 
indicate A. petiolata invades by acquiring unused resources and following the Empty Niche 
Hypothesis and this hypothesis may explain how A. petiolata importance (IV200) can increase to 
become the second most important species without large decreases in importance of other 
species. Future research is needed to substantiate the Empty Niche Hypothesis as a mechanism 
of invasion for A. petiolata. This may be especially important, as many recent studies have 
implicated A. petiolata’s allelopathic characteristics as its mechanism for invasion. 
 
Within the relatively short ecological time frame of five to eight years, A. petiolata has become a 
major component of this small woodland. Plots without A. petiolata had approximately one 
fewer species present than plots containing A. petiolata. A reduction in total fitness for other 
individual plants surrounding A. petiolata may be insufficiently detrimental to reduce species 
richness. Increased Alliaria petiolata presence did not decrease species richness, which is the 
same result seen in other studies (McCarthy 1997, Carlson 2002, Carlson and Gorchov 2004, 
Hochstedler et al. 2007, Stinson 2007), but A. petiolata removal did allow for an increase in 
native plant cover in other experiments (Anderson et al. 2010). Recent studies have also shown 
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A. petiolata may decrease levels of mycorrhizal fungi and affect microbial communities through 
biogeochemical cycle changes (Burke 2008, Rodgers et al. 2008) and thus alter the fitness of 
surrounding plants.  Future studies involving plant productivity may help explain to what extent 
root exudates from A. petiolata reduce growth of native species by studying the aboveground 
biomass of native plants.   
 
The dramatic increase in the importance of A. petiolata should be cause for concern for 
fragmented forested ecosystems. While no species richness impacts were observed from this 
study there were significant changes in the herbaceous level understory. Studies analyzing forest 
communities and rare plant species across time scales greater than seen in this study may allow 
researchers a better understanding of the possible significant or insignificant in situ impacts of A. 
petiolata.   
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Figures and Tables 
Figure 2.1. Collins Woods. Plots were located systematically to sample the herbaceous ground 
layer from May to June in 2002, 2007, and 2010. 
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 2002 2007 2010 
Average species per sample year 6.64±2.48 (a) 6.98±2.43 (b) 6.97±2.20 (b) 
Average species richness with A. 
petiolata 
6.39±2.23 (a) 7.29±2.20 (b) 7.33±2.19 (b)  
Average species density without A. 
petiolata 
6.65±2.49 (a) 6.51±2.05 (b) 6.27±2.08 (b) 
Alliaria petiolata IV200 1.65 16.47 24.4 
Percentage of plots containing A. 
petiolata 
5% 60% 64% 
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Table 2.2. Importance Values (IV200) of Collins Woods herbaceous understory species for three 
sampling years 2002, 2007, and 2010. IV200 numbers were determined as the sum of relative 
frequency and relative cover. * Indicates a non-native species.  
Species  Year  
 2002 2007 2010 
Sanicula gregaria 25.06 31.81 26.72 
Alliaria petiolata* 1.65 16.48 24.44 
Parthenocissus quinquefolia 40.80 19.55 12.80 
Toxicodendron radicans 12.37 13.32 11.84 
Cryptotaenia canadensis 7.37 8.54 11.33 
Pilea pumila 0.25 8.41 11.03 
Viola spp. 12.57 11.43 8.13 
Impatiens pallida 2.86 2.48 7.43 
Geum canadense 10.76 10.56 7.11 
Graminoids 11.14 9.51 6.94 
Ribes missouriense 6.05 6.86 6.38 
Circaea lutetiana  2.58 4.45 5.12 
Ambrosia trifida 1.20 2.18 4.57 
Smilax hispida 4.62 3.53 4.06 
Lonicera spp.* 0.04 3.64 3.96 
Rosa multiflora* 6.76 2.34 3.86 
Celtis occidentalis 4.23 6.15 3.82 
Osmorhiza claytonii 0.90 0.79 3.06 
Lysimachia nummularia* 0.001 3.05 2.74 
Gleditsia triacanthos 2.21 2.37 2.30 
Geum vernum 4.13 0.00 1.79 
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Figure 2.2. Multidimensional Scaling of sampling years 2002, 2007, and 2010.  Pairwise test 
using ANOSIM indicate significant differences p<0.001 for groups 2010-2007, 2010-2002, 
and 2002-2007 with R 0.03, 0.258, and 0.196 respectively  
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Figure 2.3. Multidimensional Scaling of sampling years 2002, 2007, and 2010 with A. 
petiolata removed. Pairwise test using ANOSIM indicate significant differences 
p<0.001 for groups 2010-2007, 2010-2002, and 2002-2007 with R 0.025, 0.165, and 
0.138 respectively  
!
!
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Chapter 3 
Analysis of Native and Non-native Biomass and the Effects on Understory Plant Communities 
 
ABSTRACT 
Competitive interactions have been used to help understand how non-native invasive species 
interact within the native community. Non-native plant species may be able to overcome 
coevolved competitive interactions through novel substances. For at least two decades, Alliaria 
petiolata (Bieb.) Cavara and Grande, a European biennial herb, has been a serious invader of 
natural areas and woodland communities of North America. Although previous manipulative 
field experiments have not shown a significant impact of A. petiolata on species richness, A. 
petiolata may be able to use its allelopathic properties to reduce the fitness of native plants and 
thus obtain a competitive advantage in available niche space. Plant biomass and cover within 
0.25-m
2
 plots were collected within a fragmented Illinois forest previously invaded by A. 
petiolata. Mean native plant biomass per plot was 16.4 ± 7.7 grams, mean A. petiolata biomass 
was 4.95 ± 8.84 grams, and species richness differed significantly between invaded and 
uninvaded plots, 4.3 ± 1.6 and 5.3 ± 1.4, respectively (p =0.05). While there were no significant 
differences between native plant biomass within plots invaded by A. petiolata versus plots 
without A. petiolata, there was a significant difference between invaded and uninvaded plot total 
biomass (p<0.05).  As A. petiolata biomass and cover increased, native species richness and  
total biomass were significantly reduced (p <0.05).  Invasion success of A. petiolata may be due 
to its ability to degrade symbiotic, mutualistic fungi decreasing fitness of its competitors, and 
taking advantage of the open niche.  Understanding impacts on native species recruitment in seed 
germination may lead to further understanding of the mechanisms of A. petiolata invasion. 
! (,!
Introduction 
 
Interactions among plants from different biogeographical areas suggest that the species 
composition of natural plant communities may be closely connected with species-specific 
interactions (Callaway and Aschehoug 2000). Negative interactions between and within plant 
species are often seen when plants grow in close proximity as demands on resources are 
increased (Aarssen and Epp 1990). In the absence of competitors, individual plants have shown 
increases in biomass and reproductive ability (Aarssen 1992). It is possible that species 
composition of woodlands may change as invasive species alter competitive interactions (Woods 
1997) for resources that may become limiting. Successful invasions may not only be driven by 
competitive interactions, but by complex effects of soil microbial communities (Callaway et. al 
2004) as invasive plants can bring novel mechanisms of interaction to natural plant communities 
(Callaway and Aschehoug 2000). 
 
Several hypotheses have been used to explain the success of invasive species in their novel range 
(Hierro et al. 2005). Among the potential mechanisms is the Novel Weapons Hypothesis. It 
suggests invasive plants secrete allelopathic chemicals that affect the fitness of neighboring 
plants in invaded sites, but are relatively ineffective against co-evolved neighbors in the species’ 
native range (Callaway and Aschehoug 2000). As forest plants are nearly 80% mycorrhizal, 
requiring a symbiotic association to facilitate nutrient uptake in nutrient-poor soils and help 
capture water when soil moisture is low (Dell’Amico et al. 2002, Augé 2004), any hindrance of 
this relationship may be an effective mechanism for invasion. Of increasing interest to invasion 
ecology is the effect of invasive plants species on mycorrhizae in soil and how invasive plants 
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can affect growth of nearby native plants (Burke 2008). The Novel Weapons hypothesis 
proposes that some invasive plant species will inhibit native symbiotic communities, indirectly 
reducing native plant fitness (Vogelsang et al. 2009, Stinson et al. 2006). 
 
 Alliaria petiolata (Bieb.) Cavara and Grande), a European biennial herb has been a serious 
invader of natural areas and woodland communities of North America (Cavers et al. 1979, Nuzzo 
1991, 1993, 1994, Anderson et al. 1996) and a known producer of allelopathic chemicals, which 
are leached, exuded, or volatilized into the environment from the plant (Rice 1984). Allelopathy 
may suppress mycorrhizal fungi (Callaway and Ridenour 2004, Frank 2007, Callaway et al. 
2008, Wolf et al. 2008, Barto and Cipollini 2009), inhibit germination (Vaughn and Berhow 
1999, Roberts and Anderson 2001, Prati and Bossdorf 2004, Barto et al. 2010), and decrease 
survival of native plants (Callaway and Aschehoug 2000, Callaway et al. 2008) as invaders 
outcompete extant vegetation for nutrients, water, or physical space (Meekins and McCarthy 
2001).  
 
Reduction of fungal communities may decrease inorganic nutrient uptake by mycorrhizal plant 
species, thereby increasing nutrient availability to non-mycorrhizal species including A. 
petiolata, but previous studies have indicated no negative significant difference in A. petiolata 
presence (Rose, Chapter 2) or after removal treatments on species richness (Hochstedler 2007, 
Carlson and Gorchov 2004, McCarthy 1997). Past removal treatments of A. petiolata have 
shown increased native species cover (McCarthy 1997) and mycorrhizal inoculum potential 
(Anderson et al. 2010). Alliaria petiolata impact on native species may not impact other species 
enough to remove their presence from plots, indicating species richness may not be a sensitive 
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indicator of A. petiolata impact, while other measures, such as biomass and cover, may be a 
better measure to describe results of invasion. Also, if more detrimental impacts were only 
experienced at a particular distance from A. petiolata individuals (Wolfe et. al 2008), then large 
plots, such as the 1-m
2 
plots, may be too large to impact neighboring plants, suggesting smaller 
plots may allow impacts to be better observed. 
 
The purpose of this investigation was to examine species cover and productivity (biomass) in a 
small woodland invaded by Alliaria petiolata to gain additional insight into this species’ 
competitive ability. Invaded plots are expected to have significantly less native biomass and 
cover compared to plots without A. petiolata. Should A. petiolata be able to invade plots without 
reducing native plant biomass or decreasing native species richness, then its ability to acquire 
unused nutrients may be more strongly advanced as a mechanism explaining its invasiveness.  
 
Methods 
 
Collins Woods is a previously grazed 5.36 ha woodlot of second growth hardwoods owned and 
managed by the University of Illinois. Dominant tree genera in the western portion include 
Quercus, Carya, Fraxinus, and Ulmus. The eastern portion has a younger and denser mix of 
Maclura pomifera Schneid., Gleditsia triacanthos L., Prunus serotina Ehrh., Quercus spp., and 
Carya spp. A filled oxbow of the Salt Fork River cuts through the northwest corner of the woods 
(Frank and Endress, unpublished observation). Collins Woods is bordered on the north and south 
by cultivated row crops, on the east by a roadway, and on the west by a housing development. A 
private residence, constructed in 2005, lies on the south side of the easternmost
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site. For management purposes, the Collins Woods site has permanent steel T-posts placed 
throughout at 50-m intervals along cardinal directions. The 50-m intervals between T-posts were 
sub-divided at 10-meter intervals generating a 10-m by 10-m grid across the site. Each 
intersection of the transects was assigned a number, excluding the oxbow region as recent rains 
had partially flooded this area, and a random number generator selected 101 intersections for the 
sampling of herbaceous species and seedlings (< 2.0 dbh and less than 1 meter tall) presence and 
aerial coverage within the groundlayer community using 0.25-m
2
 quadrats.  This specific plot 
size was used to better capture possible spatially dependent impacts. Ten plant cover classes, 
modified from Daubenmire (1959), were utilized: (1) 0-5%, (2) 6-10%, (3) 11-15%, (4) 16-25%, 
(5) 26-35%, (6) 36-50%, (7) 51-65%, (8) 66-80%, (9) 81-95%, (10) 96-100%. Plant cover means 
were obtained by assigning the midpoint of the cover class to each observation. Individuals were 
identified to the species level according to Mohlenbrock (2003) when possible. Grasses and 
sedges were combined as graminoids. Unidentifiable species were either tagged in situ or 
collected for later identification.  For each 0.25-m
2
 sample plot, the aboveground biomass was 
collected and separated into two groups: Alliaria petiolata biomass and native plant biomass to 
assess differences between groups. All plant biomass was dried at 60° C for 48 hours. The mean 
cover and biomass of native species, along with the mean cover and biomass of A. petiolata, 
were calculated. 
 
Data were analyzed using R software and the Classification and Regression Tree (CART) 
packages rpart and ctree (both use a p < 0.05 to split) (Breiman et al. 1984) and Welch’s Two 
Sample T-test. The specific objective was to evaluate the importance of factors in explaining 
cover and biomass associated with expanding or declining native species. Trees are constructed 
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by repeated splitting of the data using an individual explanatory variable for each split. This 
partitions the data into two mutually exclusive groups, each of which is as homogeneous as 
possible. The process continues until further homogeneity cannot be achieved.  Regression trees 
were pruned to increase likelihood of the model. Data were also analyzed by ctree, an R function 
used to understand variables for possible management decisions. Conditional inference trees, 
ctree, estimate a relationship by testing a null hypothesis of independence between any of the 
input variables and the response and stops if this hypothesis cannot be rejected. If the hypothesis 
is rejected, the input variable with strongest association to the response is selected. This 
association is measured by a p-value. A split in the data is then selected and the process repeats 
until there are no longer strong associations between the response and input variables (Hothorn et 
al. 2006). 
 
Results 
 
Of the plots sampled, only 22% did not contain A. petiolata.  Table 3.1 summarizes the cover 
and biomass of native plant species and A. petiolata in the ground layer community. Plots with or 
without were significantly different in total biomass (Figure 3.1) while presence of A. petiolata 
in the sampled plots did not significantly impact the biomass of co-occurring native species 
(Figure 3.2).  Native species cover was significantly reduced in invaded plots  (Figure 3.4) and 
native species richness was significantly greater in uninvaded plots (4.3 ±1.4 species to 5.3 ± 1.6 
species, p<0.05).  
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Using A. petiolata biomass as a response variable, Sanicula gregaria and Circaea lutetiana were 
the only species out of 34 total species corresponding to decreases or increases in A. petiolata 
biomass (Figure 3.5, R
2
 = 0.32).  
 
When A. petiolata cover exceeded 66%, the total cover of native species was significantly 
reduced (Figure 3.6)!as dominance by a single species regardless of origin will lead to decreased 
cover of other species. Without A. petiolata, increased native species cover was associated with 
increased native species richness (Figure 3.7). Increased A. petiolata cover and biomass reduced 
native species richness (Figures 3.7-3.8) and increasing A. petiolata biomass reduced both native 
species richness (Figure 3.8) and native species biomass (Figure 3.8).  
 
Discussion 
 
Invasive plant species may use competitive mechanisms that are novel in the natural 
communities they invade to disrupt coevolved interactions among long associated native species 
(Callaway and Ashehoug 2000).  The allelopathic properties and impacts of the non-mycorrhizal 
A. petiolata on mycorrhizae are well documented (Callaway and Ridenour 2004, Frank 2007, 
Callaway et al. 2008, Wolf et al. 2008, Barto and Cipollini 2009) and may be this plant’s novel 
competitive mechanism that impacts native species. Some invasive plant species inhibit native 
symbiotic communities, indirectly reducing native plant fitness, (Stinson et al. 2006, Vogelsang 
and Bever 2009).  
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Two species in particular, Sanicula gregaria and Circaea lutetiana were the only species to 
affect A. petiolata biomass in plots. Sanicula gregaria is a common aggressive mycorrhizal plant 
of grazed woodlands throughout central Illinois and Circaea lutetiana is also a common 
mycorrhizal species. The low cover of Circaea lutetina indicates instead of being a competitor in 
the plots, the presence or absence of this species may be an indicator of A. peliolata biomass. At 
a threshold of approximately 17 grams of A. petiolata, C. lutetina did not occur.  When present, 
this plant indicated significantly less A. petiolata biomass. However, Circaea lutetina has been 
commonly associated with A. petiolata invaded sites (Riper et al. 2010), indicating this 
observation may be site specific.  Sanicula gregaria appears to be the main competitor with A. 
petiolata as plots with high S. gregaria had significantly less A. petiolata biomass. Its abundant 
presence with A. petiolata has been recorded in other studies (De Mars and Runkle 1992, 
Anderson et al. 2010). The difference seen between these species may explain the potential of 
plant invasions impacting species differently (Stinson 2006). Depending on the robustness and 
requirements of a species, there may be differential impacts by A. petiolata and this is an area 
where further research is needed (Rose and Endress, Chapter 2).  It may also be possible these 
species do not interact and the presence or absence may be due to different habitat affinities such 
as variations in sunlight and intensity of past disturbances. 
 
The significant difference in overall species richness in invaded versus uninvaded plots was also 
unexpected as a more intensive flora survey using 1-m
2
 plots conducted in the site the previous 
year yielded more species in A. petiolata plots then in uninvaded plots (Rose and Endress, 
Chapter 2).  This insignificant decrease in species richness in invaded plots, using 1-m
2
 plots, has 
also been seen after removal treatments (Hochstedler 2007, Carlson and Gorchov 2004, 
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McCarthy 1997).  Large plots are expected to capture more species, however, it is not the total 
number that is interesting but the difference between invaded versus uninvaded plots. A. 
petiolata appears to be replacing one native species in invaded plots at this particular grain. A. 
petiolata has been shown to inhibit ectomycorrhizal fungi most readily at a 10-cm distance (Wolf 
et al. 2008) and to form very dense stands (Cavers et al. 1978) therefore, the mechanism here for 
lower species richness in 0.25-m
2
 invaded plots might be spatially impacted.  If more detrimental 
impacts were only experienced at a particular distance from A. petiolata individuals, then large 
plots, such as the 1-m
2 
plots, may capture seasonally uninvaded soil communities and thus 
seasonally unaffected flora communities. A. petiolata density dependence and spatially different 
life cycling may allow for some native species to survive depending on neighborhood influence 
(Pardini et al 2008) as soil communities and native species cover have been able to recover with 
reduced A. petiolata cover (Anderson et al. 2010), but further research involving null models is 
needed to verify distance as a mechanism and to rule out sampling artifacts resulting from plot 
size (Fridley et. al 2004).  
 
The observed decrease of native species biomass with increased A. petiolata was expected, but 
the insignificant difference of native biomass between plots with and without A. petiolata was 
unexpected. This may be attributed to legacy effects of A. petiolata novel weapons on the soil 
microbial community or it may be because A. petiolata presence/absence has no effect on native 
species biomass suggesting an alternative hypothesis.  
  
If A. petiolata was present in previous years, degradation of the soil microbial community may 
have already occurred, leading to an impact even though individuals of A. petiolata were 
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currently absent (Lankau 2011). This implies the presence or absence may not be a sensitive 
variable in sites with invasion history. Studies have shown even with removal of A. petiolata, 
declines in the levels of AMF colonization due to past presence of A. petiolata may reduce 
growth rates of native mycorrhizal species and the rate at which they can reoccupy vacated space 
(Anderson et. al 2010). Where A. petiolata was present and its biomass was increased, the 
biomass of native species was lower than was typically present in plots without A. petiolata, 
suggesting a threshold of greater than 3.5 g of A. petiolata biomass is necessary to impact native 
species biomass. This may indicate impacts are dependent on the continuous presence of large 
amounts of biomass and that A. petiolata’s biennial lifecycle may allow for a commensurate 
rebound of native plants, and possibly microbial communities during years of low biomass. This 
may explain why invaded versus uninvaded native biomass was insignificantly different. 
Conversely, there may be an alternative to the Novel Weapons Hypothesis. 
 
Another hypothesis often used to explain the ability of non-native plants to invade is the Empty 
Niche Hypothesis. It suggests invasive species can use or have access to resources in the novel 
range that native species do not utilize (MacArthur 1970). This would suggest there should be no 
measurable amounts of difference between invaded and uninvaded plots for native species and a 
significant increase for total biomass of invaded plots, results both seen in this study. This 
hypothesis would also predict the insignificant differences seen in species richness for the 
invaded and uninvaded plots in other studies (Rose and Endress, Chapter 2), although sampling 
scale may be important (Fridley et al 2004). It would be difficult to consider the Empty Niche 
hypothesis as the most important invasion hypothesis when considering A. petiolata’s impacts on 
AMF communities and subsequent decreases in survival of native plants (Stinson 2006) and its 
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effects on mycorrizal inoculum potential (Cantor 2010), but a combination of these two 
hypotheses may explain A. petiolata’s competitive ability. There is a possibility that resource and 
non-resource mechanisms, such as allelopathy, work simultaneously, but vary depending on 
particular species (Hierro and Callaway 2003). 
 
This field biomass study indicates the Empty Niche Hypothesis may help explain the invasion 
strategy of A. petiolata along with the Novel Weapons Hypothesis, but further research 
analyzing resource acquisition and competition between A. petiolata and native plants is needed 
to answer which hypothesis better explains A. petiolata invasion or to what extent these two 
hypothesis work together.  
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Figures and Tables 
Table 3.1. Collins Woods survey plot data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Biomass (g) 
(mean ± sd) 
Cover (%) 
(mean ± sd) 
A. petiolata, all sampled plots 4.95 ± 8.84 27.6 ± 29.8 
Native species, all sampled plots 16.4 ± 7.70 95.4 ± 35.5 
Total species in all plots  21.3 ± 18.82 123.1 ± 35.9 
A. petiolata, invaded plots 6.25 ± 8.80  
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Figure 3.1. Mean biomass of native plants and total plants. Letters indicate Welch's Two Sample 
T test was performed between categories. Different letter groups indicate a significant difference 
of p " 0.05. 
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Figure 3.2. Mean biomass of native plants. Letters indicate Welch's Two Sample T test was 
performed between categories. Different letter groups indicate a significant difference of p " 
0.05.  
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Figure 3.3. Mean cover of native and total cover. Letters indicate Welch's Two Sample T test 
was performed between categories. Different letter groups indicate a significant difference of p " 
0.05.  
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Figure 3.4. Mean cover of native plants. Letters indicate Welch's Two Sample T test was 
performed between categories. Different letter groups indicate a significant difference of p " 
0.05.  
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Figure 3.5. Regression tree for the influence of individual species cover (total species=34) on the 
biomass of Alliaria petiolata. The labels at each split indicate the explanatory variables used in 
the model, the mean A. petiolata biomass and the number of plots at each split (N). R2 =0.32 
!
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Figure 3.6. Native species cover (%) in response to A. petiolata cover (%) 
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Figure 3.7. Species richness in response to A. petiolata biomass. 
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Figure 3.8. Native species biomass in response to A. petiolata biomass. 
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Chapter 4 
Effects of Alliaria petiolata on the Germination of Native Herbaceous Plants of Illinois 
 
 
ABSTRACT 
Non-native invasive species are a serious concern to biodiversity in the United States. Several 
hypotheses have been used to explain the success of invasive species in their novel range. The 
Novel Weapons Hypothesis suggests invasive plants secrete allelopathic chemicals that affect 
fitness of neighboring plants in invaded sites, but are relatively ineffective against co-evolved 
neighbors in the species native range. There has been evidence of inhibition of seed germination 
in soil with past history of A. petiolata and with inputs of known allelopathic exudates. Four 
native understory plants, Zizea aurea, Polygonum virginianum, Impatiens pallida, Polemonium 
reptans, and Raphanus sativus were used to test the effects of activated carbon (Ac), allyl 
isothiocyanate, and sterilization in soil from a site previously invaded by A. petiolata.  
Germination of Zizea aurea and Polygonum virginianum did not differ among treatments 
(p>0.05). Soil sterilization decreased germination of Polemonium reptans (p<0.05), and 
Impatiens pallida germination was significantly different among the sterile*AITC soil treatment, 
sterile treatment, and untreated soil (p<0.05).  No legacy effects from previously invaded non-
sterile soil were seen, as Ac treatments had no effect, but significant results were seen in sterile 
soil for Polemonium reptans.  The differences in seed germination responses between species 
indicate that the impact of A. petiolata on native species maybe species specific. 
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Introduction 
 
Non-native invasive species are a serious concern to biodiversity in the United States (Wilcove et 
al. 1998). Several hypotheses have been used to explain the success of invasive species in their 
novel range (Hierro et al. 2004). The Novel Weapons Hypothesis suggests that invasive plants 
secrete allelopathic chemicals that affect fitness of neighboring plants in invaded sites, but are 
relatively ineffective against co-evolved neighbors in the species native range (Callaway and 
Aschehoug 2000). Allelopathy is the suppression of germination or growth of neighboring plant 
species by the release of toxic secondary chemical compounds. These secondary metabolites are 
leached, exuded, or volatilized into the environment from the plant (Rice 1984) and may 
suppress mycorrhizal fungi (Callaway and Ridenour 2004, Callaway and Cipollini 2008, Wolfe 
et al. 2008, Barto and Cipollini 2009), inhibit seed germination (Vaughn and Berhow 1999, 
Roberts and Anderson 2001, Prati and Bossdorf 2004, Barto et al. 2010, Pisula and Meiners 
2010), or decrease survival of native mycorrhizal plants (Stinson 2006, Callway et al 2008, Barto 
et al. 2010).  
 
At least 80% of the world’s plant species form mycorrhizal associations (McGee 1986) 
presumably because of the many benefits received by the host plant such as protection from soil 
pathogens, increased nutrient acquisition, and an enhanced tolerance to drought (Borowixz 
2001). Alliaria petiolata (Bieb.) Cavara and Grande), a European biennial non-mycorrhizal herb 
considered a serious invader of natural areas and woodland communities (Nuzzo 1994, Anderson 
et al. 1996), inhibits the growth of plants and mycorrhizal fungi with secondary metabolites 
(Vaughn and Berhow 1999, Haribal and Renwick 1998) that degrade to yield anti-fungal 
! +*!
compounds allyl isothiocyanate (AITC) and benzl isothiocyanate (Gamliel and Stapleton 1993). 
Alliaria petiolata extracts inhibit arbuscular mycorrhizal fungal (AMF) spore germination 
(Roberts and Anderson 2001, Auge 2004, Stinson et al. 2006, Callaway et al. 2008), decrease 
mycorrhizal inoculum potential (MIP) of soil (Roberts 2001) and decrease spore germination by 
57% following exposure to AITC at concentrations similar to those found in field soil with A. 
petiolata (Cantor et. al 2011). 
 
Allelopathic inhibition by A. petiolata has been shown to be due to direct inhibition of plant and 
fungal partners before symbiosis is established and leading to a decrease in overall woodland 
microbial richness (Barto et al. 2010, but see Lankau 2010). Other consequences of these 
exudates include the strong inhibition of seed and spore germination (Barto et al. 2010, Pisula 
and Mieners 2010), especially seeds of native mycorrhizal plant species (Prati and Bossdorf 
2004, Roberts and Anderson 2001). As the effects of A. petiolata can be species-specific (Prati 
and Bossdorf 2004, Stinsen 2006), the allelochemicals may differentially impact understory 
species germination. Residual exudates of A. petiolata have been found in soils (Cantor et al. 
2011), and understanding the soil legacy of past infestations on the germination of native seed is 
needed.  This information may lead to future understanding of impacts of A. petiolata on forest 
understory composition.  If allelopathic chemicals leached from Alliaria petiolata inhibit the 
germination of native understory plant species, then exposure to (1) legacy soil (previously 
associated with A. petiolata plants) will reduce percent seed germination, (2) exogenous 
application of allelopathic compounds will either further decrease germination or have no effect,  
(3) soils amended with anti-allelochemical materials should have higher levels of germination, 
! ++!
and (4) sterilized soils will have decreased levels of germination as microbial communities may 
ameliorate allelopathic impacts. 
 
Methods 
 
Soil was collected in October 2010 from Collins Woods, a previously grazed 5.36 ha woodlot of 
second growth hardwoods owned and managed by the University of Illinois.  Alliaria petiolata 
was reported at this site from an initial satellite infestation in a 2002 survey, and by the 2007 
survey, the site was infested throughout. This was reaffirmed in summer of 2010.  For soil 
collection, four center points were randomly selected within Collins Woods. From each point, 
distances along each cardinal direction, determined by a random number generator, located the 
center positions from which the uppermost five centimeters of soil was collected within a 1-m
2
 
area. Soil was taken to the laboratory and run through a 0.95 cm sieve twice to remove plant 
material, seeds, and rock. 
 
A 3x2 factorial design was used to test the effect of A. petiolata exudates on seed germination. 
The main variables were legacy soil from Collins Woods (sterile or non-sterile), ± 4.4 x10
-4 
 
molarity allyl isothiocyanate (AITC), and ± 20 ml L
-1
 activated carbon (Ac), generating eight 
treatment combinations. An autoclave was used to sterilize soil as allelopathic effects have 
previously been seen only in sterile soil treatments (Barto et al. 2010, Lankau 2010). AITC is a 
known secondary metabolite produced by A. petiolata (Vaugh and Berhow 1999, Cantor 2011) 
and was purchased from Aldrich Chemical Co. The concentration used was reported previously 
to significantly affect the root biomass of oak seedlings (Frank 2007). Powered activated carbon 
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(Ac) was previously shown to mitigate the effects of Alliaria petiolata exudates on seed 
germination (Prati and Bossdorf 2004).    
 
Study Seeds  
!
Seeds of four native species were selected for study: Impatiens pallida Nutt, Zizia aurea (L.) 
W.D.J. Koch, Polygonum virginianum L., and Polemonium reptans L. Several studies have 
documented negative impacts of A. petiolata extracts on these species, including their seed 
germination (McCarthy 1997, Meekins and McCarthy 1999, Barto and Cipollini 2009, Barto et 
al. 2010). Impatiens pallida is dependent on mycorrhizae (Barto 2009) and occurs in Collins 
Woods along with its congener Impatiens capensis Meerb. Zizea aurea was observed in only two 
of the sample plots during the most recent herbaceous survey of the invaded woodland, 
suggesting the species may be sensitive to the presence of A. petiolata.  Polygonum virginianum, 
and P. reptans occur within Collins Woods, frequently neighboring A. petiolata individuals.  
Apparently there have been no studies of these species regarding their interactions with A. 
petiolata.  Because Raphanus sativus L. is widely used in germination assays and is sensitive to 
allelopathic inhibition (Pisula and Meiners 2010), this horticultural species was included within 
the study. 
 
Assay 
!
Seeds were surface rinsed twice with distilled water. Petri dishes (100-mm diameter), filled 
halfway with soil of one of the eight soil treatment combinations, were each sown with 15 seeds. 
! +-!
There were 10 replicates yielding 150 seeds per treatment, totaling 1,200 seeds per species tested 
excluding Raphanus which had 350 seeds per treatment, totaling 2800 seeds.  
 
Soil moisture within the Petri dish was treated with distilled water to maintain moisture. Petri 
dishes were covered, but not sealed, to allow for air circulation and maintained in a temperature 
regulated chamber at 4° C for 154 days, under a 10/14 hour dark/light cycle. Treatments 
involving R. sativus seeds were terminated after 91 days because seed germination had finished. 
A seed was considered germinated upon emergence of its radicle. Percent seed germination was 
analyzed by analysis of variance (ANOVA) with activated carbon, soil sterilization, and AITC 
addition as main effects followed by Tukey’s HSD test (p = 0.05). Interaction effects were 
examined using a general linear model in combination with ANOVA. The dependent variable, 
percent germination, was not transformed since the data met assumptions of normality.  
 
Results 
 
Seed germination rate varied by species (Figures 4.1-4.5) and the percent seed germination 
varied by species and treatment (Table 4.1). Raphanus was the first species to germinate and 
achieve full germination.  Other species began to germinate after about 80 days of stratification. 
Polygonum virginianum and Z. aurea germination showed no significant differences in response 
to any of the main effects or interactions, while I. pallida, R. sativus, and P. reptans germination 
differed significantly among treatments (Table 4.1).   Significant treatment effects include sterile 
soil and Ac*AITC for R. sativus, AITC and Ac*AITC for I. pallida, and sterile soil, Ac, sterile 
soil*Ac for P. reptans. Treatment means and standard errors varied widely among species 
! ,.!
(Figures 4.6-4.10). Tukey’s HSD showed significant differences between treatments for species 
I. pallida and P. reptans (Figure 4.7,4.8).  Significant differences were not seen in legacy 
(control) soil compared to soil with added activated carbon. Mean seed germination of P. reptans 
did not differ between the sterile soil and sterile soil with AITC combinations, but significantly 
differed from the other treatment combinations (Figure 4.7). Mean seed germination of I. pallida 
in the sterile soil, AITC combination was significantly less than germination for legacy soil and 
sterile soil treatments (Figure 4.8). 
 
Discussion 
!
Species are specific in their growth responses to A. petiolata (Stinson 2006) and differences seen 
between species indicate A. petiolata effects on germination are also species specific. These 
specific impacts may lead to an alternative future for understory flora composition. 
 
Two of the four native understory plant species, P. virginianum and Z. aurea, were unaffected by 
treatments. Polygonum virginianum is a species commonly associated with A. petiolata (DeMars 
et al. 1992), which may explain why germination rates were not significantly different. 
 
Raphanus sativus, a European herb in the family Brassicaceae, had 100% germination in 
treatments with AITC, differing from results seen in other research (Pisula and Meiners 2010), 
while all other treatments had insignificantly fewer seeds germinate.  This plant may be 
unaffected by these specific levels of AITC as it originates from the same continent as A. 
petiolata. The impacts of sterile soil could be attributed to other allelopathic chemicals attributed 
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to A. petiolata, such as arsenic (Cipollini and Gruner 2007), as these allelopathic effects may 
occur most readily in sterile soil (Barto et al. 2010, Lankau 2010). 
 
The increased mean germination of P. reptans with Ac and sterilized soil treatments indicates 
that there may be a legacy effect only in sterile soil (Lankau 2010). Activated carbon may absorb 
the past detrimental exudates of A. petiolata allowing seeds to germinate. Live soil microbial 
communities have been shown to ameliorate the effects of A. petiolata (Barto et al. 2010) or may 
be assisting by degrading chemicals to less volatile states and may explain why no effects were 
seen in AITC and legacy soil for P. reptans as soil communities were not sterilized.  Activated 
carbon did not increase mean seed germination indicating Ac does not increase germination on 
its own. It also indicates there is no allelopathic legacy effect in unsterile soil as there should 
have been a decrease in germination compared to Ac treated soil if there was an effect. The lack 
of effects for any of the AITC treatment and unsterile soil for P. reptans indicates either the 
treatment concentration was not high enough or the soil microbial community deleted any 
effects.  
 
Impatiens pallida had significantly different germination rates only in sterile, AITC compared to 
sterile and control treatments. The significant main effect of AITC might have been more readily 
observed in treatment means with a higher dose although it was high enough to create an 
interaction effect with Ac.  The non-significant effects of activated carbon addition compared to 
legacy (control) are similar to results seen in previous studies (Barto et al. 2010) and may 
indicate no direct advantage to germinating seeds. Collins Woods has been heavily infested with 
A. petiolata for at least five years, the first occurrence being at least eight years prior to soil 
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collection, although no measurable legacy effect was observed on seed germination. Activated 
carbon has served as an additional experimental control to verify that effects are due to 
allelochemicals in species and has increased germination of Geum seeds in A. petiolata 
experiments (Prati and Bossdort 2004).  The lack of significance suggests multiple possibilities. 
There may be only low levels of allelochemicals due to some evolutionary change or as the 
direct effects of the relatively recent infestation compared to other studies (Lankau 2011). 
Another explanation would be soil collection timing.   Low levels of A. petiolata exudates have 
been found in the field (Cantor et al. 2011) and Collins Woods may have measurable amounts of 
allelochemicals, but noticeable field quantities of AITC have been shown to be seasonal and best 
detected late in summer when A. petiolata is senescing (Vaugh and Berhow 1999, Cantor 2011). 
Furthermore, allelopathic chemicals released have been shown to have transient residence times 
in soil conditions; AITC has a field life of 47 days (Borek et al. 1995).  
 
Depending on the species, bypassing certain life stages during restorations could be more 
successful than traditional methods of sowing un-germinated seed (Stinson et al. 2006). The 
success of this technique might depend on the species and how it would be affected by A. 
petiolata.  As no effect was seen from the legacy in Collins Woods soil, timing of seed dispersal 
might be an alternative to planting plugs, although this might be site specific.  If seeds were 
spread onsite during times of low total concentration of allelopathic chemicals, such as a few 
months after adults senesce, seeds may not be exposed to levels high enough to impact 
germination in areas where there no or few rosettes. Along with seed input timing, activated 
carbon addition may even allow specific species to germinate in areas with low microbial 
abundance and allelopathic inputs such from A. petiolata juveniles, although this may be 
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impractical on large scales. Repeated seed germination experiments with various native species 
and soil collected during peak senescence may provide a better understanding of the effects of 
allelochemicals on seed germination.  
 
There were no significant effects of A. petiolata soil legacy on the species selected, but there is 
concern that any impact of this non-native will eventually lead forest microbial communities to 
an alternative state and therefore, plant communities, as germination and plant fitness are 
decreased. Results from this study and others (Barto et al. 2010, Lankau 2010) have shown 
allelochemicals associated with A. petiolata do have an impact on native plants in sterile soil and 
non-effects may be the result of amelioration by microbial communities. A decreased abundance 
and richness in the microbial community may lead to decreases in native plant survival, fewer 
native plants and decreased seed germination in more simple soils such as sterile soils. Temporal 
data and further evidence of in situ microbial differences within communities invaded by A. 
petiolata may also provide important insight into spatial aspects of legacy influence.  Across 
time, microbial communities in sites invaded by A. petiolata are expected to rebound as 
microbial communities evolve to be resistant to exudates (Lankau 2010), or recover after 
removal (Anderson et al. 2010) and a long-term and short-term effects study would be beneficial 
to understanding microbial community susceptibility and possible native plant species 
extirpation. 
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Figures and Tables 
Table 4.1. Results of ANOVA for species exposed to treatments. Symbol (*) indicates significance differenc
Treatment  
Raphanus 
sativus Zizea aurea 
Impatiens 
pallida 
Polygonum 
virginianum 
Polemoniu
m reptans 
 df F P F P F P F P F P 
Sterile soil 1 7.030 
< 
0.01*  0.135 0.714 1.765 0.188 0.030 0.863 42.440 
< 
0.001* 
 
Activated 
charcoal (Ac) 1 0.879 0.352 0.240 0.625 0.087 0.768 0.030 0.863 143.116 
< 
0.001* 
 
Allyl  
isothiocyanate 
(AITC) 1 0.001 0.979 2.940 0.091 4.271 
< 
0.05* 1.075 0.303 0.126 0.723 
 
Sterile*Ac 1 0.007 0.936 1.215 0.274 0.784 0.378 2.418 0.124 134.741 
< 
0.001*  
 
Sterile*AITC 1 2.016 0.160 0.135 0.714 1.394 0.241 0.000 1.000 0.000 1.000 
 
Ac*AITC 1 4.945 
< 
0.05*  2.160 0.146 4.903 
< 
0.05* 1.075 0.303 0.056 0.813 
 
Sterile*Ac*AIT
C 1 0.035 0.852 0.015 0.902 1.067 0.304 1.910 0.171 0.014 0.906 
Residuals 72           
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Figure 4.1. Germination means of Zizea aurea treatments in percentages over scoring period. 
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Figure 4.2. Germination means of Impatiens pallida treatments in percentages over scoring 
period. 
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Figure 4.3. Germination means of Polygonum virginianum treatments in percentages over 
scoring period. 
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Figure 4.4. Germination means of Polemonium reptans treatments  in percentages over scoring 
period. 
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Figure 4.5. Germination means of Raphanus treatments in percentages over scoring period. 
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Figure 4.6.  Mean ± standard error of the mean for final germination of Raphanus sativus.  
Tukey’s HSD test indicated no significant differences between treatment means. 
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Figure 4.7. Mean ± standard error of the mean for final germination of Polemonium reptans.  
Tukey’s HSD test indicates significant differences between treatment means with differing letter 
combinations (p<0.001). 
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Figure 4.8. Mean ± standard error of the mean for final germination of Impatiens pallida. 
Tukey’s HSD test indicates significant differences between treatment means with differing letter 
combinations (p<0.05). 
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Figure 4.9. Mean ± standard error of the mean for final germination of Polygonum virginianum. 
Tukey’s HSD test indicated no significant differences between treatment means. 
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Figure 4.10. Mean ± standard error of the mean for final germination of Zizea aurea. Tukey’s 
HSD test indicated no significant differences between treatment means. 
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Chapter 5 
Effect of Alliaria petiolata on the Soil Microbial Community of a Fragmented Illinois Woodland 
 
ABSTRACT 
Recently there has been added emphasis on the effects of plant microbial interactions and how 
these interactions affect the plant community, specifically as an explanation of non-native plant 
success. The non-native plant, Alliaria petiolata, has been shown to decrease microbial 
communities, possibly through legacy effects on the soil caused by the past presence A. 
petiolata. Using analysis of similarity, significant differences between plots with A. petiolata and 
without A. petiolata (p<0.05) were seen. Differences may indicate changes to the bacterial and 
fungal community as a result of A. petiolata influence from allelopathic influence directly on 
biogeochemical cycles and direct inhibition on symbiotic microfungi (p<0.05). Time of invasion 
or time of establishment of the communities will determine the amount of microbial mediation or 
remaining native soil community present in the restoration site.  Restoration practitioners may 
find investing in soil amendments for landscapes without a history of native flora beneficial, 
while areas still containing some native plants or having recent native plant communities may be 
easier to restore due to long term legacy of past native plant/ microbial communities. 
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Introduction 
 
Plant individuals are often able to condition the environment to their benefit and this provides a 
powerful framework to study temporal dynamics between plants and soil (Bever et al. 1997). 
Plant–soil feedback involves plants changing the composition of their associated soil community 
leading to an effect on subsequent plant performance (Bever et al. 1997). A plant population may 
increase or decrease its own growth rate relative to other plant species.  
 
Recently there has been added emphasis on the effects of plant microbial interactions and how 
these interactions affect the plant community, specifically as an explanation of non-native plant 
success (Reinhart and Calloway 2006). How long plants require to cultivate soils with 
established soil communities is an area where further research is needed. There is specific 
interest in how non-native invasive plants affect their novel soil communities, although soil 
communities are rarely repeatedly sampled over time after an invasion, resulting in limits to our 
understanding of the temporal dynamics of exotic effects on soil communities (Kulmatiski and 
Beard 2011). Determining temporal scales in microbial community dynamics may allow the 
development of management plans to reduce the impact of invasive species on native microbial 
communities (Vogelsang and Bever 2009).  Soil organisms can positively or negatively alter 
plant growth and competitiveness leading to a direct or indirect effect on plant community 
composition (Bever et al. 1997).  Change in plant communities, such as responses to invasion or 
succession, depend on the direction and magnitude of the plant-soil feedbacks (Kardol et al 
2006). Positive feedback between plants and soil microbes plays a central role in early 
successional communities, while negative feedback contributes both to species replacements and 
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to diversification in later successional communities (Kardol et al. 2006). These plant-microbe 
interactions in the soil are important for creating large-scale spatial gradients in species richness. 
The relative balance of positive feedback, in general, lead to less diversified communities while, 
negative feedback lead to more diversified communities.  Together, these feedbacks may 
contribute to observed diversity patterns seen on even larger scales (Reynolds 2003). Past studies 
have considered the soil system to be affected by the presence or absence of plant functional 
groups and the number of such groups (Schere-Lorenzen 2008).  This idea suggests that a small 
number of species are needed to maintain ecosystem functioning.  A more recent study indicated 
that diversity’s effects on soil microbial functioning, although related to plant functional groups, 
were more likely due to responses to single plant species (Eisenhauer et al. 2010).  The plant 
litter materials and root exudates governing succession of microbial communities are plant 
species specific, and changes in plant diversity change the type of resources entering the soil 
system thus affecting the community composition more than the amount of resources entering 
the rhizosphere (Eisenhauer et al. 2010). 
 
Invasive species affect soil microbial communities (Ehrenfeld 2003, Wolfe and Klironomos 
2005). Monotypic stands formed by invasive species sometimes have symbiotic relationships 
novel to the invaded areas. These novel mutualisms could increase the competitiveness and 
niche-space of invasive species (Richardson et al. 2000), a form of the Empty Niche Hypothesis 
(Michell et al. 2006). The Degraded Mutualist Hypothesis proposes that some invasive plants 
will inhibit native symbiotic communities, indirectly reducing native plant fitness (Stinson et al. 
2006. Vogelsang and Bever 2009) and may occur where invasive plants co-invade with invasive 
mutualists (Wolfe et al. 2008, Pringle et al. 2009).  Where novel, efficient combinations of non-
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native plants and native mutualists develop, and positive feedback could occur through enhanced 
mutualisms (Reinhart and Callaway 2006).  
 
Studies have shown that non-native plants lead to smaller abundances of total bacteria, total 
fungi, and AMF compared to native plants (Kulmatiski and Beard 2008, Lankau 2011). The 
extent of resistance to microbial change and the effects of the present soil community could 
allow for legacy effects of the previous plant communities to maintain past soil microbial 
communities. When a non-native plant was grown in native plant soil, short term plant growth 
over one growing period did cause some changes in the components of the microbial community, 
but the non-native plant did not eliminate the legacy of the previous plant with its own soil 
community (Kulmatiski and Beard 2011). This result was unexpected as microbial communities 
are able to respond to specific root exudates produced by plants in temporal spans as little as a 
few hours (Sanon et al. 2009). Also, plant growth legacies were unaffected by particular plant 
species. The inability of the new plant to erase the legacy of the previous plant’s soil community 
would indicate plant species might require several growing seasons to create a soil legacy. A 
long-term study analyzing the effect of plant diversity on soil microorganisms found species-
specific effects on the microbial community after six years of growth (Eisenhauer et al. 2010).  
The non-native plant, Alliaria petiolata, has been shown to decrease levels of mycorrhizal fungi 
and affect other microbial communities (Rodgers et al. 2008b, Burke 2008). New invasion sites 
of A. petiolata showed a decreased richness of the microbial community as resistant microbial 
taxa were selected for and sensitive taxa were extirpated (Lankau 2011).  Evidence was seen for 
increasing levels of resistance to A. petiolata over time in some microbial communities, but for 
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general bacteria non-significant differences between far and near samples to A. petiolata indicate 
there could be a legacy effect carried over from past growing seasons (Lankau 2010, 2011). 
 
By analyzing systematic soil microbial data with present and historical invasion fronts, a better 
understanding of A. petiolata’s Novel Weapons impacts on microbial communities will be 
gained.  If allelopathic chemicals leached by Alliaria petiolata affect soil microbial communities, 
then a shift in soil microbial communities will be observed in plots with A. petiolata and as a 
result of A. petiolata legacy,  differences will be seen in the microbial community across time in 
plots with historically longer invasion history.  
 
Methods 
 
Data collection was done at Collins Woods, (Figure 5.1) a previously grazed 5.36 ha woodlot of 
second growth hardwoods, owned and managed by the University of Illinois. Dominant tree 
genera in the western portion include Quercus, Carya, Fraxinus, and Ulmus. The eastern portion 
is a younger and denser mix of Maclura pomifera Schneid., Gleditsia triacanthos L., Prunus 
serotina Ehrh., Quercus spp., and Carya spp. A filled oxbow of the Salt Fork River cuts through 
the northwest corner of the woods (Frank 2007). Collins Woods is bordered on the north and 
south by cultivated row crops, on the east by a roadway, and on the west by a housing 
development. A private residence lies on the south side of the furthest east portion of the site 
(Google Earth 2005).    
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Procedures followed historical flora observations in order to collect consistent data for 
comparing invasion fronts. Systematically placed 1-m
2
 square quadrats were used to characterize 
the ground layer community. Permanent markers were located at 50-m intervals within the stand 
and were sub-divided into 10-m intervals to create a 10- by 10-m grid of the site (Figure 5.2). At 
each grid intersection, species presence and estimated cover was determined within a 1-m
2
 
sample plot. Sampling protocols were used to characterize the ground layer community and 
(herbaceous species plus seedling <2.0 cm dbh) and woody species. Ten plant cover classes, 
modified from Daubenmire (1959), were utilized: (1) 0-5%, (2) 6-10%, (3) 11-15%, (4) 16-25%, 
(5) 26-35%, (6) 36-50%, (7) 51-65%, (8) 66-80%, (9) 81-95%, (10) 96-100%. Plant cover means 
were obtained by assigning the midpoint of the cover class to each observation. Total data points 
were divided into three spatial areas, a priori, based on visual topographical differences and the 
sites physiognomy to eliminate differences seen as a result of spatial or specific characteristics 
unique to the area.   The three areas include the Oxbow (Area 1), the woodland Handle (Area 2), 
and the Core area (Area 3) (Figure 5.2). Individuals were identified to the species level according 
to Mohlenbrock (1986, 2003) when possible, except for two large groups, grasses and sedges, 
and genera Viola and Lonicera. Using past flora surveys of Collins Woods (2002, 2007), A. 
petiolata presence/absence data were arranged depending on first sampling occurrence. At each 
plot in Collins Woods, a 20-cm depth sample was taken using a 2.5 diameter soil corer. Each soil 
sample was bagged, cooled in the field, and stored at -20° C after return to the laboratory.  A soil 
aliquot of 500-mg was taken from each of the 472 samples for use in DNA extraction.  Using the 
FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) instructions, DNA was 
extracted, followed by direction from the Yannarell Laboratory, University of Urbana-
Champaign (see Yannarell et al. 2011 for procedure).  
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Fungal, bacterial and floral data were analyzed in Primer6 (Clarke and Gorley 2006) with 
multidimensional scaling (MDS) and analysis of similarity (ANOSIM) with factors life stage of 
A. petiolata, cover class of A. petiolata, presence/absence of A. petiolata, past invasion history of 
A. petiolata and position at Collins Woods.  Multidimensional scaling is a visualization tool to 
view sets of data. The points are arranged in multi-dimensional space so that the distances 
between points indicate similarities among objects. Two points close together represent similar 
objects, and two points that are far apart represent two dissimilar objects. Analysis of similarity 
compares observed distributions with iteratively randomized permutations. Bacterial Core and 
Handle areas were combined due to non-significant differences between areas. 
 
Similarity maps were created R version 1.6 (Urbanek and Iacus 2011) by standardizing MDS 
coordinate values and converting them to a red, green, blue spectrum. Data were graphed on an 
x:y grid to correspond to on-site positions and then projected onto the aerial image of Collins 
Woods (Figure 5.1).  This procedure was repeated for floral, bacterial, and fungal data.  Gaps in 
the samples indicate standing water.  
 
Results 
 
Three similarity maps showing relatively consistent patterns were generated: floral, bacterial, 
and fungal (Figure 5.3-5.5).  Comparisons of the similarity maps from the three spatial portions 
of Collins Woods showed significant differences, except for the bacterial communities, between 
the Oxbow (Area 2) and Core areas (Area 3) (Table 5.1, Figure 5.8). There were significant 
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differences between plots with and without A. petiolata (Table 5.2), but no significant effect of 
increasing A. petiolata cover (data not shown). Pairwise tests between plots with different 
growth stages of A. petiolata also showed significant differences depending on the spatial area of 
the site and growth stage of A. petiolata (Table 5.3). Comparisons in the Core area show 
significant differences in fungal communities between plots without A. petiolata compared to 
second year plants and without A. petiolata compared to juvenile plus second year plants. 
Depending on first occurrence of A. petiolata in plots across sample years, significant differences 
for the Oxbow and the Handles microbial communities (Table 5.4) were seen. Significant effects 
of A. petiolata legacy were seen (Figure 5.4). 
 
Discussion 
 
Similarity maps show an interesting aspect of the Collins Woods site. Differences in the floral, 
bacterial, and fungal communities appear to be due to topographical and physiognomic 
differences. The Oxbow portion, Area 2, appears to be especially different from the others. Most 
likely this is due to the hydrology, as this area is a wetland  (J.W. Matthews, personal 
communication). The Handle (Area 1) and the Core (Area 3) had different fungal and herbaceous 
ground layer communities. The observed patterns could be explained by differential plant-soil 
feedbacks resulting from the differing aboveground plant communities and their corresponding 
symbiotic microflora, although further research is needed. 
 
Insignificant differences for fungal and bacterial communities between plots with or without A. 
petiolata in the Handle may be due to homogenization of the soil microbial community as A. 
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petiolata has been present and abundant for at least four years. As studies of the flora were done 
several years apart, the measured first occurrence in plots may not be accurate.  A 
homogenization of the microbial community may have taken place, even in plots currently 
without A. petiolata, as they may have been invaded in the past (Lankau 2010).  There were, 
however, significant differences between invaded and uninvaded plots for fungal communities in 
the Oxbow and Core and for bacterial communities in the Oxbow. The results seen for the 
Oxbow are most likely misleading, as it compares invaded soil to soil that may not be able to 
support A. petiolata due to periodic flooding, but significant differences seen within the Core 
area for fungal communities between invaded and uninvaded plots are consistent with the 
hypothesis that A. petiolata presence alters fungal communities. 
 
Core area fungal communities in plots without A. petiolata were not significantly different from 
those in plots having juvenile A. petiolata plants (p = 0.13), possibly due to the lower biomass of 
juveniles (Anderson et al. 1996) and a decreased allelopathic impact. Juvenile plants (rosettes) 
may have a lower allelopathic capacity because of their younger age and smaller biomass 
(Cantor et al. 2011), although the results of our step-wise comparisons were inconsistent 
throughout the study.  The significant difference within the fungal Core area appears to be a 
result of increased biomass and thus increased influence on soil fungal communities. Bacterial 
community comparisons with life cycle groupings in the Oxbow show significance for all 
combinations including plots with and without A. petiolata, but as stated previously, this 
difference may be due to Oxbow characteristics. 
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The insignificant fungal community results of the suspected invasion front within each area 
(Handle, Core, and Oxbow) seen in this study could be due to the impacts of A. petiolata across 
time. There were, however, significant results involving the bacterial and fungal communities in 
the Oxbow and the bacterial community in the Core area. Again, the different hydrological 
characteristics in the Oxbow most likely explains the presence of different soil communities, 
while bacterial community differences within the Core area may indicate changes as a result of 
A. petiolata’s allelopathic direct influence on biogeochemical cycles. Its presence has been 
shown to impact physical, biogeochemical, chemical, and biotic soil characteristics with 
differences varying in both magnitude and direction between the sites (Hammer 2009).   While 
differences in fungal communities were more expected due to research between fungal 
communities and A. petiolata, the differences seen in the bacterial communities here may be due 
to the effect of A. petiolata exudates on the soil.  
 
The pooled Core and Handle data indicate an interesting effect of A. petiolata presence across 
time.  The insignificant differences between the first occurrence of A. petiolata in 2010 and plots 
that were never invaded may indicate the legacy of the previous community may still be 
persistent and may take more growing seasons to alter the community significantly (Kulmatiski 
and Beard 2011). This would also help explain why the 2007 and 2010 data sets (first 
occurrence) are significantly different, as 2007 had been invaded for a longer time period. Plots 
with first occurrence of invasion in the 2002 data set are significantly different from first 
occurrence in 2007, but not significantly different from the 2010 data suggesting a rebound back 
to a more recent invasion profile (Lankau 2010).  Insignificant results between the 2007 first 
invaded plots compared to plots never invaded are difficult to put into a framework within the 
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other combinations.  The results could indicate some specific bacterial microbes are retained by 
the soil and uninfluenced, or the complex population dynamics of A. petiolata or other species 
may be influencing these results. At the very least results indicate invasion of A. petiolata during 
the first flora sample (2002) were significantly different compared to plots that have never had A. 
petiolata, indicating a significant shift in the microbial community may have occurred across 
time. 
 
Studies show that A. petiolata can cause shifts in the bacterial community as well as losses in the 
overall number of soil species present and community diversity (Hammer 2009). Shifts in 
microbial community composition can have large impacts on plant community structure and 
diversity (Bever et al. 1997, Klironomos 2002, Bever 2003). When the abundance or presence of 
certain soil species is altered, it can affect the functional properties and processes above- and 
below-ground (Wolfe and Klironomos 2005). If these changes benefit A. petiolata or other non-
native invasive plant species, it could create a feedback loop that enhances the invasibility of the 
site (Ehrenfeld 2003). 
 
Understanding the role of microbial communities has important implications for restoration of 
communities impacted by non-native species. For example, management objectives might shift 
away from the active removal of Alliaria petiolata and toward restoration of microbial 
communities in areas with long histories of invasion, while areas experiencing a recent or short-
term invasion may best be managed by active removal of A. petiolata to lessen impacts (Lankau 
2011). In situ experiments would lead to better understanding of long-term legacy and restoration 
effects on microbial communities themselves and herbaceous plant cover.  
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Successful restoration of degraded sites at least partially relies on soil microbial communities 
and the plant microbial interactions created (Galvez et al. 2001).  Legacy effects of native plant 
communities, non-native plant communities and past use history, such as agriculture, will affect 
establishment of plant communities and ecosystem processes necessary to create a natural 
ecosystem (Galvez et al. 2001, Bever 1997).  Re-establishment of these microbial and plant 
communities should be a major goal of any restoration so as to develop a fully functioning 
resilient community.  It is especially important that flora and fauna are not the only goals for 
management plans, as other functions must be remediated such as biogeochemical cycles, cycles 
affected and changed by both type of vegetation residuals.  
 
 In a study comparing the non-native invasive communities and native communities, both 
community types were resistant to invasion by the opposite community type.  Specifically, non-
native invasive communities resisted re-colonization by native communities and were resistant to 
non-native species loss (Kulmatiski 2006). The non-native invasive community idea may explain 
why native plant restoration techniques used such as herbicide, tillage, mechanical removal and 
propagule addition are often unsuccessful. This is possibly due to some other community level 
traits that resist native plant growth (Kulmatiski 2006). This is an area where further research is 
needed so that all aspects of control of invasive species are understood and accounted for, such 
as microbial communities (Weidenhamer and Callaway 2010). Studies on degraded and restored 
sites could possibly give a better estimate of the legacy effects of microbial communities of these 
sites compared to ideal, reference microbial communities or within sites along invasion fronts.  
Long-term studies analyzing the change in microbial species as a result of removal of non-native 
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species or other techniques to remove these plants could lead to better understanding subsequent 
soil microbial changes.   
   
Time of invasion or time of establishment of the communities will determine the amount of 
microbial mediation or remaining native soil community present in the restoration site. Recently 
the legacy exudates of Alliaria petiolata have been found in field experiments at measurable 
amounts (Cantor 2011). In situ experiments and long-term studies could lead to better 
understanding of long term legacy and restoration effects of microbial restoration on the 
microbial communities themselves and the herbaceous plant cover.  
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Figures and Tables 
Figure 5.1. Collins Woods, a typical fragmented Illinois woodland. 
.  
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Figure 5.2.  Three predetermined areas for Collins Woods analysis: 1. Handle, 2. Oxbow, 3. 
Core. 
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Figure 5.3. Floral Similarity Analysis of Collins Woods.  Multidimensional coordinates points 
were constructed into a red, blue and green coordinate system. Similar colors indicate similar 
composition. 
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Figure 5.4. Fungal Similarity Analysis of Collins Woods.  Multidimensional coordinates points 
were constructed into a red, blue and green coordinate system. Similar colors indicate similar 
composition. 
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Figure 5.5. Bacterial Similarity Analysis of Collins Woods.  Multidimensional coordinates points 
were constructed into a red, blue and green coordinate system.  Similar colors indicate similar 
composition. 
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Figure 5.6. Floral Community Analysis between Areas of Collins Woods. The points are 
arranged in three-dimensional space so that the distances between points indicate similarities 
among objects and then compressed into two-dimensional space. Two points close together 
represent similar objects, and two points that are far apart represent two dissimilar objects. 
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Figure 5.7. Fungal Community Analysis between Areas of Collins Woods. The points are 
arranged in three-dimensional space so that the distances between points indicate similarities 
among objects and then compressed into two-dimensional space. Two points close together 
represent similar objects, and two points that are far apart represent two dissimilar objects. 
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Figure 5.8. Bacterial Community Analysis between Areas of Collins Woods. The points are 
arranged in three-dimensional space so that the distances between points indicate similarities 
among objects and then compressed into two-dimensional space. Two points close together 
represent similar objects, and two points that are far apart represent two dissimilar objects. 
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Table 5.1. Pairwise Test for bacterial and fungal communities using ANOSIM analysis.  
!
Area 
Combinations         R 
    
Significance 
Level % 
!    
Bacterial Community   
! 1, 2 0.133 0.001 
! 1, 3 -0.02 0.836 
! 2, 3 0.167 0.001 
!    
Fungal Community   
! 1, 2 0.047 0.016 
! 1, 3 0.158 0.001 
! 2, 3 0.092 0.001 
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Table 5.2. Pairwise test between plots with or without A. petiolata present for the 3 areas of 
Collins Woods. 
 Area R 
Significance 
Level % 
Fungal Community Handle, 1 0.076 0.147 
 Oxbow, 2 0.08 0.006* 
 Core, 3 0.087 0.048* 
    
Bacterial 
Community Handle, 1 0.016 0.368 
 Oxbow, 2 0.322 0.001* 
 Core, 3 -0.028 0.704 
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Table 5.3. Pairwise test between plots with different A. petiolata’ life stages present: 1st year 
rosette, 2nd year adult, both rosettes and adult plants or absent from plot. 
Fungal     Bacteria    
         
Area Groups   Significance   Area Groups  Significance  
  R Level (%)    R Level (%) 
         
Handle     Handle    
 1st,Both 0.055 0.128   1st,Both 0.009 0.333 
 1st,2nd -0.044 0.979   1st,2nd -0.008 0.557 
 1st,Non 0.004 0.36   1st,Non 0.001 0.429 
 Both,2nd -0.025 0.655   Both,2nd -0.006 0.511 
 Both,Non 0.075 0.101   Both,Non 0.048 0.13 
 2nd,Non -0.006 0.53   2nd,Non -0.019 0.702 
Oxbow     Oxbow    
 1st,2nd -0.021 0.736   1st,2nd 0.004 0.385 
 2nd,Non 0.037 0.286   2nd,Non 0.391 0.001* 
 Both,2nd 0.137 0.055   Both,2nd 0.047 0.267 
 1st,Non 0.057 0.166   1st,Non 0.314 0.001* 
 1st,Both 0.027 0.367   1st,Both 0.045 0.283 
 Both,Non 0.114 0.131   Both,Non 0.403 0.001* 
Core     Core    
 2nd,Non 0.06 0.005*   2nd,Non 0.015 0.193 
 1st,Non 0.045 0.137   1st,Non -0.028 0.75 
 Both,Non 0.085 0.001*   Both,Non 0.012 0.206 
 1st,2nd -0.071 0.944   1st,2nd 0.015 0.33 
 Both,2nd -0.018 0.771   Both,2nd -0.002 0.48 
 1st,Both -0.038 0.882   1st,Both -0.017 0.676 
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Table 5.4. Pairwise test between plots with different time of first invasion by A. petiolata: 
present in the first survey (2002), second survey (2007), third survey (2010), or never surveyed 
(0). 
Fungal Community    Bacterial Community  
         
          R Significance    R Significance  
Handle Groups Statistic      Level %  Handle Groups Statistic Level (%) 
 2007, 2002 -0.146 0.717   
2007, 
2002 0.147 0.218 
 2007, 2010 -0.046 0.755   
2007, 
2010 -0.051 0.799 
 2007, 0 0.017 0.373   2007, 0 0.074 0.188 
 2002, 2010 -0.12 0.59   
2002, 
2010 0.229 0.194 
 2002, 0 -0.111 0.618   2002, 0 0.063 0.396 
 2010, 0 0.034 0.355   2010, 0 0.091 0.128 
         
Oxbow Groups         Oxbow Groups   
 2007, 2010 0.055 0.178   
2007, 
2010 0.084 0.035* 
 2007, 0 0.029 0.006*   2007, 0 0.067 0.01* 
 2007, 2002 0.059 0.291   
2007, 
2002 0.209 0.028* 
 2010, 0 0.106 0.038*   2010, 0 0.38 0.001* 
 2010, 2002 0.036 0.366   
2010, 
2002 0.184 0.071* 
 0, 2002 0.121 0.117   0, 2002 0.394 0.03* 
         
         
Core Groups         Core Groups        
 0, 2010 0.015 0.399   0, 2010 -0.14 0.984 
 0, 2007 0.046 0.221   0, 2007 -0.038 0.695 
 0, 2002 0.049 0.204   0, 2002 0.111 0.052 
 2010, 2007 0.022 0.071   
2010, 
2007 0.041 0.01* 
 2010, 2002 0.074 0.191   
2010, 
2002 -0.028 0.615 
 2007, 2002 0.086 0.169   
2007, 
2002 0.138 0.084 
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Table 5.5. Pairwise test for pooled data sets, Handle and Core Area. Time of invasion for A. 
petiolata present in the first survey (2002), second survey (2007), third survey (2010), or never 
surveyed (0). 
Bacteria Areas Handle, Core   
      
Pairwise Tests     
          R Significance 
Groups Statistic      Level % 
2007, 2002 0.253 0.004* 
2007, 2010 0.085 0.001* 
2007, 0 0.008 0.452 
2002, 2010 0.045 0.303 
2002, 0 0.182 0.014* 
2010, 0 -0.108 0.992 
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Chapter 6 
Conclusions 
 
 
Invasive species are the second leading threat to biodiversity in the United States imperiling 49% 
of threatened and endangered species (Wilcove et al. 1998) and are considered to be the greatest 
threat to North American deciduous forest (Vitousek 1996). Several hypotheses have been used 
to explain the success of invasive species in novel ranges (Hierro et al. 2005). The Novel 
Weapons Hypothesis proposes that invasive plant species secrete allelopathic chemicals that 
affect fitness of neighboring plants in invaded sites, but which are relatively ineffective against 
co-evolved neighbors in the species native range (Callaway and Aschehoug 2000). Allelopathic 
chemicals are secondary metabolites leached, exuded, or volatilized into the environment from 
the plant (Rice 1984). They may act as novel weapons to suppress mycorrhizal fungi (Callaway 
and Ridenour 2004, Frank 2007, Callaway et al. 2008, Wolf et al. 2008, Barto and Cipollini 
2009), inhibit germination (Vaughn and Berhow 1999, Roberts and Anderson 2001, Prati and 
Bossdorf 2004, Barto et. al 2010), decrease survival of native plants (Callaway and Aschehoug 
2000, Callaway et al. 2008), and can cultivate unique rhizosphere communities of organisms 
through novel root exudates (Bever 1997) leading to extirpation and possibly extinction of native 
species (Fletcher and Renney 1963). Here I examined a specific non-native plant species, A. 
petiolata, in Collins Woods, a fragmented Illinois forest, to analyze to what extent the Novel 
Weapons Hypothesis was an appropriate model for this ecosystem.  
 
I expected that the introduction of A. petiolata into Illinois forest fragments would, over time, 
have increased A. petiolata biomass and cover, lowered species richness, and a changed 
! "#$!
understory composition of Collins Woods. Exposure to an A. petiolata legacy soil was expected 
to decrease native biomass and species richness, decrease percent seed germination, and cause a 
shift in soil microbial communities that would be observed in plots with A. petiolata, particularly 
in plots with a longer history of invasion. 
 
The dramatic increase in the importance and presence of A. petiolata was consistent with the 
expected results, but the increase in species richness in plots was not expected. Non-native 
colonization of sites has, in the short term, resulted in increased species richness at local scales 
(Sax and Gaines 2003) before impacts on native species occur, but A. petiolata may also have 
larger impacts on undisturbed versus disturbed forest (Stinson 2006). The insignificant effect on 
species richness after removal treatments of A. petiolata was also seen in other studies 
(Hochstedler 2007, Carlson and Gorchov 2004, McCarthy 1997). The length of time it takes a 
fragmented forest to undergo extirpations may depend on the degree to which this plant impacts 
the understory, and in this case, how strongly the Novel Weapons act, but there were no 
significant decreases in species richness. The Novel Weapons Hypothesis may not be the most 
appropriate hypothesis for A. petiolata when looking at effects on species richness.  The 
increased number of species seen here (Rose and Endress, Chapter 2) may indicate the Empty 
Niche Hypothesis may better explain what is happening in Collins Woods. Instead of out-
competing neighboring plants, A. petiolata may be taking advantage of unused resources and 
thus not affecting native plant biomass or species richness.  
 
The field biomass study (Rose and Endress, Chapter 3) also indicates the Empty Niche 
Hypothesis may explain the invasion strategy of A. petiolata more sufficiently than the Novel 
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Weapons Hypothesis as there were no significant differences between invaded and uninvaded 
plots’ native plant biomass, and invaded plots had significantly more total biomass (Rose and 
Endress, Chapter 3).  These results were unexpected and may be attributed to A. petiolata’s 
ability to exploit unused nutrients. Insignificant differences in native biomass may be attributed 
to the soil legacy of A. petiolata leading to decreased soil mycorrhiza and thus reduced native 
biomass even without presence or absence of A. petiolata for the sample year. Future biomass 
studies might collect soil samples to measure field level of AITC (following Cantor 2010) as a 
covariate to help explain native biomass levels and use activated carbon to ameliorate negative 
legacy impacts and thus possibly resulting in greater native species biomass per plot. This would 
help advance which hypothesis better explains A. petiolata’s invasion, whether it be the Novel 
Weapons Hypothesis, the Empty Niche Hypothesis, or some combination of each. 
 
Species-specific effects on germination of in sterile soil with additions of known A. petiolata 
exudates were seen (Rose and Endress, Chapter 4). Excluding Raphanus and Impatiens pallida, 
these were the first germination studies done to quantify an impact of A. petiolata legacy and a 
known allelochemical, AITC, on Polygonum virginianum, Polemonium reptans and Zizea aurea. 
Expanding test species to native species present in the field with A. petiolata and on species 
appearing to be affected by invasions may be beneficial.  Using field concentrations of AITC 
treatments found near A. petiolata populations and increasing those levels will indicate at what 
level native species germination is inhibited. Timing soil collection to correspond to peak 
senescence of A. petiolata could help improve understanding of the legacy effect. 
 
The microbial community analysis indicated differences according to spatial position and A. 
! "#$!
petiolata presence and life stage. Presence/absence of A. petiolata only had significant results in 
particular areas of the study, indicating a-priori investigations of site history may allow the 
researcher to attribute differences to factors other than floral species composition, such as 
hydrology (Oxbow). Using new statistical methods, further information may be observed by 
removing spatial variation and directly attribute the variation in microbial communities to floral 
communities. Abundance or presence of certain soil community species can affect the functional 
properties and processes above and below ground. If these changes benefit A. petiolata or other 
non-native invasive plant species, it could create a feedback loop that enhances the invasibility of 
the site. Coupling soil nutrient properties and A. petiolata presence or absence and cover data 
could provide useful information about how soil is being altered. Unexpectedly, no significant 
differences in A. petiolata legacy effects were seen in Handle or Core areas for general fungal 
communities. This may be due to sampling methodology as time between sampling seasons may 
be masking first colonization of A. petiolata to new areas.  Future analysis of in situ experiments 
and long-term studies could lead to better understanding of legacy effects of microbial 
communities. 
 
The dramatic increase in the importance and presence of A. petiolata in this study should be 
cause for concern as floral communities, and in some cases soil microbial communities, have 
significantly changed at Collins Woods as a result of this non-native invasive species. The Novel 
Weapons Hypothesis does not appear to be a solid explanation for A. petiolata invasion when 
analyzing species richness and biomass, while impacts by this species allelopathic potential on 
microbial communities and native seed germination is more apparent.  With further analysis and 
using different techniques, understanding of Alliaria petiolata’s allelopathic impacts on native 
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communities may be further advanced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! "#$!
Chapter 6 Literature Cited 
 
1. Barto, E.K. and D. Cipollini. 2009. Half lives and field soil concentrations of Alliaria 
petiolata secondary metabolites. Chemosphere 76: 71–75. 
 
2. Callaway, R.M., D. Cipollini, K. Barto, G.C. Thelen, S.G. Hallett, D. Prati, K. Stinson, 
and J. Klironomos. 2008. Novel Weapons: invasive plant suppresses fungal mutualists in 
America but not in its native Europe. Ecology 89: 1043–1055. 
 
3. Barto, K., C. Friese, and D. Cipollini. 2010. Arbuscular mycorrhizal fungi protect a 
native plant from allelopathic effects of an invader. Journal of Chemical Ecology 36: 
351-360. 
 
4. Bever, J.D., K.M. Westover, and J. Antonovics. 1997. Incorporation the soil community 
into plant population dynamics: the utility of the feedback approach. Journal of Ecology 
85: 561-573. 
 
5. Callaway, R.M. and E.T. Aschehoug. 2000. Invasive plants versus their new and old 
neighbors: A mechanism for exotic invasion. Science 290: 521-523. 
 
6. Callaway, R.M. and W.M. Ridenour. 2004. Novel Weapons: invasive success and the 
evolution of increased competitive ability. Frontiers in Ecology and the Environment 2: 
436-443. 
 
! "#$!
7. Callaway, R.M., D. Cipollini, K. Barto, G.C. Thelen, S.G. Hallett, D. Prati, K. Stinson, 
and J. Klironomos. 2008. Novel Weapons: invasive plant suppresses fungal mutualists in 
America but not in its native Europe. Ecology 89: 1043–1055. 
 
8. Frank, M.E. 2007. Allelopathic effects of allyl isothiocyanate and Alliaria petiolata 
leachate on ectomycorrhizae and Quercus alba seedlings. M.S. Thesis, University of 
Illinois. 
 
9. Carlson, A.M. and D. L. Gorchov. 2004. Effects of herbicide on the invasive biennial 
Alliaria petiolata and the initial responses of native plants in a southwestern Ohio forest. 
Restoration Ecology 12: 559-567. 
 
10. Fletcher, R.A. and A.J. Renney. 1963. A growth inhibitor found in Centaurea spp. 
Canada Journal of Plant Science 43: 475-481. 
 
11. Hierro, J.L., J.L. Maron, and R.M. Callaway. 2005. A biogeographical approach to plant 
invasions: the importance of studying exotics in their introduced and native range. 
Journal of Ecology 93: 5–15. 
 
12. Hochstedler, W.W., B.S. Slaughter, D.L. Gorchov, L.P. Saunders, and M.H.H. Stevens. 
2007. Forest floor plant community response to experimental control of the invasive 
biennial, Alliaria petiolata (garlic mustard). Bulletin of the Torrey Botanical Club 
134:155–165. 
! "#$!
13. McCarthy, B.C. 1997. Response of a forest understory community to experimental 
removal of an invasive non-indigenous plant (Alliaria petiolata, Brassicaceae). Pages 
117– 130 in J. O. Luken and J. W. Thieret, editors.  
 
14. Prati, D. and O. Bossdorf. 2004. Allelopathic inhibition of germination by Alliaria 
petiolata (Brassicaceae). American Journal of Botany 91: 285-288. 
 
15. Rice, E.L. 1984. Allelopathy, 2nd edn. Orlando, FL: Academic Press. 
 
16. Roberts, K.J. and R.C. Anderson. 2001. Effect of garlic mustard [Alliaria petiolata (Beib. 
Cavara and Grande)] extracts on plants and arbuscular mycorrhizal (AM) fungi. 
American Midland Naturalist 146: 146-152. 
 
17. Sax, D.F. and S. D. Gaines. 2003. Species diversity: from global decreases to local 
increases. Trends in Ecology and Evolution 18: 561-566. 
 
18. Stinson K.A., S.A. Campbell, J.R. Powell, B.E. Wolfe, R.M. Callaway, G.C. Thelen, 
S.G. Hallett, D. Prati, and J.N. Klironomos. 2006. Invasive plant suppresses the growth of 
native tree seedlings by disrupting belowground mutualisms. PLOS Biology 4: 727-731. 
 
19. Vaughn, S.F. and M.A. Berhow. 1999. Allelochemicals isolated from tissues of the 
invasive weed garlic! mustard (Alliaria petiolata). Journal of Chemical Ecology 25: 2495-
2504. 
! "#$!
20. Vitousek, P.M., C.M. D’Antonio, and L.L. Loope. 1996. Biological invasions as global 
environmental change. American Scientist. 84: 468-478. 
 
21. Wilcove, D.S., D. Rothstein, and J. Dubow. 1998. Quantifying threats to imperiled 
species in the United States. Bioscience 48: 607-615. 
 
22. Wolfe, B.E., V.L. Rodgers, K.A. Stinson, and A. Pringle. 2008 The invasive plant 
Alliaria petiolata (garlic mustard) inhibits ectomycorrhizal fungi in its introduced range. 
Journal of Ecology 96: 777-783. 
